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TBDE ANAEROBIC ASSIMILATION OF GLUCOSE 
BY YEAST CELLS 

Bt FRAICK W FALES A^^) J PERCY BATOEBERGER 
{From the Department oj Physiology, Stanford University, California) 

(Received for publication, September S, 1947) 

For many years it vras generally assumed that yeast cells could convert 
sugars into cellular polysaccharides only m the presence of molecular 
oyy’gen This assumption vas based on the fact that sugar is converted 
quantitatively into fermentation products by yeast cells under stnctlj’’ 
anaerobic conditions if the reaction is allowed to continue for an extended 
length of tune In industrial fermentations, Joslyn (1) has pomted out 
that 95 per cent of the sugar present is converted to carbon dioxide and 
alcohol, while the remammg 5 per cent can be accounted for by other 
products such as glycerol, fusel oil, succmic acid, and lactic acid IQuyver 
(2) showed that glucose can be determmed with a fau degree of accuracy 
by measurmg the amount of carbon dioxide produced when a small amount 
of sugar IS fermented by a relativelj large quantity of yeast Evidence 
has accumulated, however, showmg that assmnlation actually does occur 
durmg fermentation and that the quantitative results noted above may be 
due to the utilization of the stored carbohydrate after the exhaustion of 
the sugar 

WmzQer and Baumberger (3) showed that the heat produced durmg the 
fermentation of glucose bj”- a stram of bakers’ yeast was only 63 2 per cent 
of the theoretical \ alue, although the glucose had completely disappeared 
From this they concluded that 29 5 per cent of the sugar was assimilated 
and 70 5 per cent v as fermented Van Niel and Anderson (4) found that 
only 70 per cent of the theoretical amount of carbon dioxide had been pro- 
duced when the glucose had completely disappeared They also showed 
that much of the remammg 30 per cent could be accounted for by an m- 
creased dry weight of the cells Stier (6) came to the surpnsmg conclusion 
that a larger fraction of the added glucose was assimilated under anaerobic 
than under aerobic conditions, since the total hydrolyzable polysaccharide 
content of the cells mcreased to a slightly greater extent m the absence of 
oxygen dissimilation also occurs durmg the fermentation brought about 
by brewers’ j east, since hleyerhof and Schulz (6) found that only 74 per 
cent of the theoretical amoimt of carbon dioxide was produced, while the 
total carbon content of the cells mcreased to an extent equivalent to the 
assimilation of about 18 per cent of the added sugar 

1 
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GLUCOSE ASSIMILATION BT YEAST 


The purpose of this paper is to describe expenments m whicli the caibon 
dioxide pi eduction, the total polysaccharide content, and the glucose con- 
centration Avere measuied at intei vals during the anaeiobic fei mentation of 
glucose by a suspension of Saccharomyces cerevistae, thereby giving the 
relationships between the amount of glucose consumed, fermented,^ and 
assimilated durmg the entire course of the fermentations 

EXPERIMENTAL 

Methods 

Flesh Fleischmann’s bakeis’ yeast (Saccharomyces ceievistac) was w'ashed 
thiee times and suspended in a 0 1 M NaH 2 P 04 solution The feimenta- 
tions w^eie earned out m a litei Eilenmeyei flask wuth 500 ml of the yeast 
suspension The flask was in a w'atei bath and the suspension w^as veiy 
lapidly stirred bj^ a laige glass-coiered, motoi-diiven, magnetic stinei 
foi the duration of the expenments The flask had two outlets, one below 
the suiface of the suspension foi lemoA mg samples and the othei above the 
suiface of the suspension The lattei outlet w^as connected to a 2-w'ay 
stop-cock, one branch of which led to a gas burette foi measuimg the caibon 
dioxide pioduction, wdiilc the othei bianch led to a gas burette filled wath 
nitiogen foi icplacing the samples that iveic lemoA’-ed Before adding 
glucose, the atmosphere was displaced by nitiogen and the system w^as 
allow^ed to come to eqiuhbimm Aftei the glucose w^as added, the caibon 
dioxide pioduction was measuied in the gas burette, caie being taken that 
the system ivas at atmosphci ic pi essui e at all times The tempei atui e of the 
w^atei bath, the tempeiatuic of the gas buiette, and the atmospheiic pres- 
sure w'ere also iccoided It was assumed that equilibiium w^as maintamed 
between the gaseous and dissolved caibon dioxide Thus the total carbon 
dioxide pioduction w'as taken as the sum of the obsen’’ed buiette leading 
and the calculated caibon dioxide in solution Since the suspension me- 
dium Avas acidic, anj'- Amiinncc m the caibon dioxide letention Ai^as leduced 
to a minimum 

Samples of the suspension aa'cic withdiaAim at inteivals duimg the fei- 
mentations and appiopiiate collections aa’^cic made foi the lesultmg changes 
of Amiume Tlie folloiAong determinations A\^eie made on the samples (1) 
1 he 1 educing value of the cell suspension , (2) the i educing Amlue of the super- 

* \'-suming cqu il niol/ir concentrations of carbon dioxide and ethanol thioughout 
lilt fci nicnl at ions, the caibon dioxide dctcimm ition becomes a measure of the foi- 
m itioii of both pioduf Is This assumption seems justifiable, since it nas found that 
little 01 no aectaldchjdc iccuniulitcs duiing the fermentations, all the acetaldehyde 
formed bj the dccaiboxAl ition of j)3’^ruvic acid being convcitcd to ethanol Also 
other inx cstigatois (4, 6) found th it equal molai quantities i\crc foimcd in their fei- 
mtntation studios 
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natant fluid after centrifugation, (3) the reducing value of the cells after 
hydrolyzing for 2 hours at 100° ivith 1 N HCl and neutralizing with NaOH 

It can be seen that determination (2) = glucose concentration, (1-2) = 
reducing substances in the cells, (3— (1—2)) = "total hydrolyzable poly- 
saccharides 

All of the reducing values a ere determined as glucose by the Shaffez (8) 
femcyanide electrode method The effect of the electrolyte differences m 
the samples was overcome by usmg correspondmg concentrations of elec- 
trolytes in the reference electrode 



Fig 1 The anaerobic fermentation of 500 mg of anhydrous glucose by a fresh 
suspension of bakers’ yeast The suspension contained 2 5 gm (w et weight) of yeast 
made up to 500 ml ivithO 1 wNaH-PO, solution •, glucose concentration, mg per 
ml , O, glucose fermented tocarbon dioKide and ethanol, mg per ml , X, total hydro- 
lyzable polysacohande content of the yeast cells as glucose, mg per ml , the dotted 
curve represents the intermediary products, estimated by difference 

A stamed preparation of the suspenison was examined at the conclusion 
of each experiment No gross bacterial contammation was ever found 

ResuUs 

The results obtamed by the fermentation of 500 mg of anhydrous d- 
glucose with a freshly prepared yeast suspension are shown m Fig 1 

- It should be noted that the values obtained for the “total hydrolyzable poly- 
sacchande’’ by this method do not actually represent the total polysaccharides of the 
cells, since there is an insoluble carboh>drate fraction which is not hydrolyzed b> 
hot hjdrochloric acid (7), and femcyanide is reduced to some e\tent bj other sub- 
stances present besides the sugars Hon e\ er, if n e assume that these factors remain 
constant during the fermentation, the increase in the “total hj droll zable polj- 
sacebande" should giic a. good approMmation of the carbohj drate assimilated 
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GLUCOSE ASSIMILATION BY YEAST 


For convenience, the products aie plotted on the basis of then glucose equiv- 
alence, I e , the glucose utilized in their formation The glucose consump- 
tion curve shows that the sugai had completely disappeared after 180 min- 
utes ^ At that time 0 72 of a glucose equivalent had been converted into 
carbon dioxide and ethanol, and the hydrolyzable polysaccharide con- 
tent of the cells had increased fiom 0 61 to 0 71 of a glucose equivalent, while 
1 00 equivalent of glucose had been utilised Theiefoie, 72 per cent of 
the sugar was fermented to caibon dioxide and ethanol, 20 per cent was 
assimilated, and 8 pei cent foimed other pioducts (piobably glycerol, suc- 
cinic acid, etc ) Eesults of smiilar exiieiiments are shown m Table I 
The extent of fei mentation found by the method used m these experiments 


Table I 

Anaerobic Fermentation and Assimilation of Glucose by Commercial Strain of Bakers’ 

Yeast 


ETpemnent No 

Fate of added susar 

Carbon dioxide 
and ethanol 

Synthesized 

polysaccharides 

Other products 


fer cent 

fer cent 

per cent 

1 

72 

20 

8 

2 

69 

20 

11 

3 

71 

21 

8 

4 

69 

24 

7 

% 

70 5 



t 

68 9-72 3 


1 


* Calorimetric determination by Winzler and Baumberger (3) 
t Warburg determinations by Van Niel and Anderson (1) 


is in excellent agreement vnth the results obtained by other methods (see 
Table I) 

From the typical experiment sho-wn in Fig 1, it can be seen that during 
the eaihei period of the fermentation the glucose vas being utilized at a 
faster late than the pioducts were appealing, while in the later period the 
reverse was occurring In other words the fractions we analyzed failed to 
account foi all of the glucose used by the cells and therefore some of the 
glucose must be considered to be in an unanalyzed form This unanalyzed 
foim IS called an intei mediate m the rest of the discussion In order to 
account for the rapid initial decrease m glucose we assume an mitially high 

^ A coircction Bas made for a small residue of leduemg mateiial remaimng in the 
supernatant fluid at the conclusion of the fei mentations This material vas not 
glucose or accumulated aldehydes, but was made up of othei substance exuded from 
the cells "i east cells iv ere unable to ferment any pait of this reducing material, even 
filter it no.d been concentrated 50 times by evaporation 
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rate of conversion to intermediates, and snnilarly the later more complete 
accountability of the sugar m our analyses we ascribe to a dimmution m the 
quantity of mtermediates The course of the accumulation of intermediary 
products can be seen m Fig 1, the dotted curve representing the glucose 
that had disappeared but was not accoimted for by the formation of the two 
mam fermentation products or by assimilation It can be seen that as 
much as 40 per cent of the added sugar appeared m this curve at one stage 
of the fermentation 

The heat production durmg feimentation as measured by the micro calo- 
rimeter of this laboratory (3) is shown m Fig 2 Smce the heat production 
curve show's an mduction period entirely similar to the carbon dioxide pro- 
duction curve (Fig 1), it is apparent that little or no heat is liberated m the 



Fig 2 The heat production during the anaerobic fermentation of 25 mg of anhy- 
drous glucose by a fresh yeast suspension The suspension contained 0 30 gm (wet 
weight) of yeast, obtained from a 24 hour pure culture of Sacchuromyces cerevisiaCy 
race FF-IT, washed and made up to 20 ml with phosphate buffer (pH 6 8) 

formation of the mtermediary products durmg the rapid uutial disappear- 
ance of glucose No conclusion can be drawn as to the steps mvolved m the 
formation of mtermediary products from the calorimetric data at hand, 
however, since the conversion of acetaldehyde to ethanol (the last step m 
the fermentation) is the exothermic reaction largely responsible for the heat 
produced 

It should he noted that one cannot account for the very large accumu- 
lation of mtermediary products noted above on the basis of fructose-1 , 6- 
diphosphate alone, smce Macfarlane (9) has shown by analysis that the 
extent of the accumulation of this intermediate is relatively small and be- 
cause much of the hexose diphosphate would not appear m the “intermedi- 
ary fraction” m the present mvestigation smce it is easily hydrolyzed to 
fructose-6-phosphate, a sugar derivative havmg a high reducmg value 
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GLUCOSE ASSIMILA.TION BY YEAST 


Several expennients weie cairied out witli yeast cells tliat had been 
staived by continuous aeration foi 6 da5''s In the typical experiment 
slioivn in Fig 3, it can be seen that 21 pei cent of the added glucose was 
assimilated, thus agieemg with the extent of assimilation in normal yeast 
cells The only noteworthy difference fiom the normal yeast suspension is 
that the induction period of assimilation was shortened This can be seen 
in Fig 4, which shows the assimilation curves of two normal and two starved 
yeast suspensions The shortening of the mduction peiiod of assimilation 



Fig 3 The anaeiobic fei mentation of 500 mg of anhydrous glucose by a yeast 
suspension starved foi 0 days by continuous aeration The same yeast suspension 
i\ as used as in the experiment shov n in Fig 1 ®, glucose concentration, O, glucose 

feimented tocaibon dioxide and ethanol, X, total hydrolyzable polysaccharide con- 
tent of the cells as glucose, the dotted line represents the intermediary products, 
estimated by difference 

was not brought about by differences m the lates of the over -all fermenta- 
tions, since the glucose consumption was almost identical in the four 
expel iments 

Van Niel and Anderson (4) assumed that the assimilated “products lep- 
icsent stored, non -reducing sugar polymers, such as glycogen, capable of 
being feimented at a considerably slower rate,” in order to account for the 
nearly quantitative conveision of glucose to fermentation products upon 
extended anaerobiosis This anaeiobic utilization of reserve material by 
yeast cells is so slow that Winzlei and Baumbeigei (3) found that little or 
no heat was produced Spiegelman and Nozawa (10) conclude that mtact 
yeast cells veie unable to feiment their carbohydrate reserves, although the 
data shoved a slow but definite caibon dioxide production The results of 
an expeiiment in vhich 50 mg of glucose lathei than the usual 500 mg weie 
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fermented by a fresh yeast suspension are shoivn in Fig 5 There was a 
slow but definite carbon diovide production both before the glu cose had been 



Fig 4 The assimilation of glucose during the anaerobic fermentation of 500 mg 
of glucose by starved and fresh > east Data from the e\penments Bboi\ n in Figs 1 
and 3 and from a duplicate experiment of each are presented The assmulation 
equals the increase in total hydrolyzable polj saccharide content X, fresh yeast, 
O, starved yeast, represents four points (two for the fresh and two for the starved 
suspensions) all falling within the bar 



Fig 5 The anaerobic fermentation of 50 mg of glucose bj a fresh yeast suspen- 
sion The sugar i\as added at the arrow O, carbon dioxide, 9, glucose 
concentration 

added and after the fermentation nas complete In order to make this 
carbon dioxide production obxuous, the scale used in Fig 5 is much laigei 
than that m the preceding figures Upon inspection of the results shown in 
Fig 5, it can be seen that ex en more than the theoretical amount of carbon 
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dioxide may be pioduced if the concentiation of leserve material is high m 
comparison to the concentration of the added glucose This is m agi ce- 
ment ivith Guillemet (11) who found that more than the theoretical amount 
of carbon dioxide was produced by yeast rich m carbohydrate reserves 

DISCUSSION 

From the experimental evidence presented, it would appear that m the 
over-all fermentation process there is a definite pattern of progressive 
changes in the rate of feimentation, in the rate of assimilation, and m the 
concentration of mteimediary products, as if these were all integrated by 
the equilibria mvolved Starvation modifies this pattern, as if the concen- 
tration of reserve material present mfluences the pi ogress of fermentation 

SUMMAEY 

The anaerobic fermentation of glucose as carried out by livmg yeast cells 
was followed by a senes of quantitative analyses of carbon dioxide, glucose, 
and stored carbohydrate durmg the couise of the piocess The follovong 
conclusions are diawn 

1 In the feimentation brought about by a commercial stiain of bakers’ 
jreast, 20 per cent of the added sugai is assmiilated and 70 per cent is con- 
verted to caibon dioxide and ethanol 

2 Staived yeast cells synthesme the same pioportion of the added sugar 
mto cellular carbohydrate mateiial as do cells which contam a normal 
amount of glycogen, but the synthesis is accomplished earliei in the process 

3 A surprisingly laige quantity of intermediaiy products accumulates 
during the early phases of the f ei mentation It was found by the difference 
between the disappeaiance of the glucose and the formation of the final 
products that as much as 40 pei cent of the added sugai appeared as inter- 
mediary pioducts at one stage of the fermentation studied 

4 The neaily quantitative yield of feimentation products obtained after 
long peiiods of anaerobiosis is due to the utilization of stored mateiial after 
the complete disappeaiance of the substrate 
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A CRYSTALLINE /3-AMyLA,SE FROIM SWEET POTATOES* 
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(Received for publication, November 17, 1947) 

In a preiious publication (1) a method i\as desenbed for prepanng a 
ci^'stallme amylolj tic protem from sneet potatoes This method has now 
been simplified and the 3 ueld of crj^stalline protem from most samples of 
tubers has been materiallj" mcreased Some data on the composition and 
properties of the crj^stallme product have been obtamed and are also 
reported here 

Cr 3 '’stallme enzjnnes of carbohj'drate hj drolj'sis have been reported twice 
m the literature, by Caldvell, Booher, and Sherman (2), and recently bj’’ 
Meyer, Fischer, and Bernfeld (3) Both preparations were of pancreatic 
amylase, and the former does not seem to have been consistently repro- 
ducible * The purification and properties of /5-amjdase from grams ha\ e, 
however, been lerj'- extensively studied, for example, its separation from 
a-amjdase bj”- ICneen, Sandstedt, and Hollenbeck (4), and its chemical 
behavior bj Weill and Caldvell (5), vho presented evidence of an indis- 
pensable sulfh 3 ’’dr 3 d group There is mdeed such a large amount of litera- 
ture on both a- and ^-amjdases of gram that the properties of each enzyme 
(not pure but practicall 3 ’^ freed from each other) are remarkably v ell known 

Although grams have been generally regarded as the most practical 
source of plant /3-am3dase, Gore and Jozsa (6) have shown that amylase is 
of vnde-spread occurrence m common plants, and that sv eet potatoes are 
unusually nch theiem While repeatmg some of their survey of plants, 
Me ohsened that the sveet potato amylase Mas almost entirely /3-amylase, 
and that it M'as obtamed quantitatively m the press juice Further work 
shoMed among other thmgs that the enzyme was rather stable, not de- 
stroyed by lead, and only slowly mactivated b 3 ’- acid Furthermore, 
inactivation by acid m as greatl 3 delayed m the presence of ammonium sul- 
fate This stabilit 3 ^ in acid solutions appeared to offer an opportunit 3 for 

* Enz 3 Tne Research Laboratory Contribution No 111 

’ Attempts in our Laboratory to punfy pancreas amjlase led to preparations of 2 
to 3 times the specific activity reported by Caldwell et al (2) (on a protein basis), but 
crystallization vas not successful The enzjme was found as usual to be very un- 
stable unless kept cold, and we missed the sigmficance of the stabilizing factor used 
successfully by Meyer et al (3) 
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extensive puiification, and eventually it led to prcpaiations that cij’^stallized 
easily 

Method of Assay — sweet potatoes weie found to contain only traces 
of a-amylase and small amounts of maltase which ai e lost earl}'' in the pro- 
cess of puiification, only a method foi the deteimination of /3-amylase was 
required The method used was Sch^vlmmel’s modification (7) of the 
deteimmation of Kneen and Sandstedt (S) The unit of /3-amylase em- 
ployed here is that quantity of enz3'me which hbeiates i educing substances 
equivalent to 1 milhequivalent of feiiiC3'^amde m 10 minutes at 30° in 30 cc 
of a solution of soluble stai ch at pH 4 8 An empii ical cui ve (Fig 1) shows 



Fic 1 Relation between /S-amj'Iase units and femcyanide reduced in the method 
foi assay The cuive w as made with P-amylase crystallized five times The quanti- 
ties of crystalline enzyme coi responding to the scale of units aie sho'nm in microgiams 
of protein nitrogen 

the 1 elation between enz3Tne units and miUiequivalents of femcyanide 
reduced 

The details of anal3’'sis desciibe the conditions which define the unit, and 
aie as follows 20 cc of a 2 pei cent solution of Lmtner staich, 0 02 m wnth 
1 espect to acetate, pH 4 8, ai e diluted to 30 cc wnth w'atei and enz3'me 
solution and incubated at 30° for 10 imnutes 3 cc of the digestion mixtuie 
aie then added to 10 cc of 0 05 n feiiic3''anide in 0 2 m sodium carbonate 
solution, and the solution is placed in a boiling watei bath foi 20 minutes 
The hot solution is then cooled in ice and acidified by the addition of 25 cO 
ot an acid-salt mixture (70 gm of KCl, 20 gm of ZnS04 7H2O, and '200 cc 
of glacial acetic acid in 1 lit ei ) About 0 5 gm of KI is then added and the 
hbciated iodine is titiated with 0 05 n thiosulfate as usual The difference 
bet w eon a blank 1 un and one wnth am} lase is a measure of the 1 educing sub- 
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stances formed by the enzyme When substances that themselves react 
mth femc}'^anide (for mstance cysteine) are added to the enz 3 me to test 
their effect on it, a zero time control (in practice about 10 seconds later) is 
required Othennse, the ordmarj’^ blank n as found sufficient 

Preparahon 0 / Crude Concentrate — Mature local sweet potatoes of the 
kind called Porto Rican red were found to be the richest in amylase The 
concentration of enzyme increased rapidly as the tubers approached matu- 
nty and remained high thereafter, but after long storage the matenal was 
more difficult to handle The potatoes were u ashed and coarsely ground 
The pulp lias squeezed dry in a hj’^drauhc press, and the cake discarded 
because it contamed practically no amylase About 2 liters of jmce n ere 
placed m an Erlenmeyer flask and heated and stirred m such a way that the 
temperature rose to 60-65° m 10 minutes The flasks were then placed in 
cold runnmg n ater The temperature dropped to 40° m about 10 mmutes 
and to 30° m half an hour Some amylase was usually mactivated by this 
treatment The heated juice was then stored for 4 day's at 3-4° under 
toluene, durmg this time an appreciable mcrease m amydase activity alnay'S 
occurred Small samples of the juice were ne\t treated mth basic lead 
acetate and filtered to determme the quantity of the reagent which pre- 
cipitated betneen a quarter and a third of the enzyme present The 
appropriate amount of suspension of basic lead acetate (200 gm per hter) 
nas then stirred into the remainmg juice, and the precipitate filtered off 
Usually about 15 gm of lead acetate n ere required per hter of juice Ciys- 
tallme ammonium sulfate n as added to the filtrate to 0 7 saturation, and 
the precipitated protem uas collected and stored as a paste for further 
punfication Such pastes have kept satisfactorily for 3 years under 
refrigeration 

The method previously published by us (1) is satisfactory for the prepa- 
ration of crystalline amylase from this paste Howevei , the yields depend 
much upon the condition of the particular su eet potatoes used, and perhaps 
upon the year of han'est A slightly different method that gives a higher 
yneld has been developed since by purifymg the crude matenal more and 
omittmg any evtensive fractionation prior to crystallization To this end, 
a concentiation of the crude enzyme was made 

Preparahon of Purified Concentrate — ^A convement quantity of paste, 
usually 250 gm , was diluted wnth enough water to be 0 25 saturated with 
ammonium sulfate, brought to pH 5 0 to 5 1 by the addition of 2 n hy'dro- 
chlonc acid, and filtered through paper The precipitate w as dissolved in 
water, again made 0 25 saturated with ammonium sulfate at pH 0 0 to 0 1 
(the total volume bemg about the same as before), and filtered agam The 
combmed filtrates were found to contain most of the enzyme, and this was 
precipitated by the addition of solid ammomum sulfate to 0 7 saturation 
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From 2'^0 s.n ciude paste about GO to OF j^m ol purified pa-^.o ueie 
usually obtauied 

Fznal r i, I, f'oihori— The pui.ficd paste Avas dialj^zect in ccliuoliane lUiapr 
toluene a^aiust luniung tc^p uatci foi 2 oi 3 days The didlyzed solution 
na- dilutf'd so that 200 rr conespouded to 250 gm of the oi ginrd (cjude) 
P ^' 0 , and then filteied uith kieselgulu tluough a staich-fiee papei - fi'he 
iih ate uas made 0 20 sntuiated by the addition of satuiated ammonium 
^ Oiato solution, and the pH was adjusted to 5 0 If any piecipitalc foim-d, 
it A as oentiifugcd out The solution AAas then cooled to 8-10° and '2 n 
1, 'diochloi'c acid added to pH 3 25 to 3 30 It Avas then cenhifugcd at 
iUgn speed foi 6 to S minutes, and the (usually cloudy) supernatant at om e 
bi ought to 0 25 satuiation and pH 3 G to 3 7 by adding satuiated ammo- 
iiinia niKace At this point seed Ciystals weie iniioduced The solution 
APac then stiired gentty at room temoeiature, AA’’hilc saturated ammoniiim 
s'lh ite, pH 3 7 (as measuied A\'hen diluted to 0 5 satuiation), Aims added iii 
small doses up to 0 33 satuiation Theieafter, storing Avas continued foi 
, mio hoius (usuallA’ 12 to 18), Avhen the concenti ation of aulfate Ai’^as raised 
to 0 4 satuiation 

VtOieu made m th.s AA^ay, the ciystals aie accompanied by 'aipang but 
abiaj'S considerable quantities ot amoiphous mattei They aie e"MlA 
f.-jvuatcd fiom it onnng to then lemaikably high specific graVdy Cris- 
tiii of /3 amylase settle in satuiated ammonium sulfate solution 

Rcc) udaUiznho7i — Most of the crystalline mateiial was sepaiaced xiom 
i ir amoiphous bA^ centiifugmg the 0 4 satuiated suspension at a Ioaa* ^peed 
I'll 8 to 10 minutes Completeness of sedimentation aaus detei mined aaiUa 
I 111. micioscope Tiie ciystalhne sediment Aims av ashed tAvice m the centi - 
jugo AA'tli 0 5 satuiated ammonium sulfate solution (pH 3 7) and then Si'S 
pended m natei T\fiieii solution of the ciystals Aims complete, mo e 
amoiphous mateiial and a little lead sulfate weie centiifuged out The 
solution Aias then made 0 20 satuiated Anth ammonium sulfate (allomig 
for that ahee(ty piesent AAoth the ciystals) i nd centiifuged again The pH 
.\ •'s adui'^ted, if necessai jq to 3 6 to 3 7, the solution seeded, and ammoiiiUm 
sail diC addod at loom tempeiatuie AAuth stiiiing Satuiated ammori tun 
sulfate added until 0 25 satuiation, but theieaitei a 0 GG satiuai'^'d 
solution A'V's added Most of the cij’^stal ciop came out b''iAieen 0 30 and 
0 33 stturalion and here the additi -n a, 713 mode sloAAdj' Sulfate aa js, 
lion'”' ei, added up to about 0 4 satu.ation ' ' ' 

Tec toicgoing piocsss \A'as icpeated loi the thud and sub'-equent ciys 
talhzations Usuallv no amoiphous material could be seen m ttie dark- 
field after the truicl Ciystalh/etion Aftoi fi.A'^p oi si\ ciystalhzations, tim 
crystals often occame so huge that a coA'cr-glass biohe ther\ cn the sin'' , 
and theA^ Avem obsen cd in a Hanging chop 
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i / 'f n ,<1 Specific ictiVili/ tl! U i tJ III Punju ahull nf SitCii rlnlii ‘,ni>ila-,e 


\Iatr-»i 1 i tie U'lent 

\ olufftc Jr 
we ght 

1 Ac^iwtv 
units Dcr £xi 

0 i r 

i'er cit 
ec^\c > 

Specific ar 1 
i yf * units pe*" 
i S protein N 

45 5 kilos SiLCt potatoes 

22 0 liters 

210 

100 


g'ouiid an1 pressea, juice 





He ited to ha’ 

, 22 5 “ 

205 

97 

1 

Stored 4 dajs at 3° 

22 5 

227 

108 


■* iltrato f'om lead treat 

17 5 “ 

157 

5S 

11 

inent 





Precipitated at 0 7 satura- 

1780 gm 

1300 

49 


tion of ammonium sul- 





fate, crudi paste 





250 gill crude paste, 2 ru is 





(a) and (b) 



! 


Combine fractions soluble 

(f , 020 cr 

300 

1 


at 0 25 satui ation 

tb' 945 “ 

275 

38 


Ppt at 0 7 saturation. 

la) 67 gm 




punfied paste 

1 (b) 64 “ i 

j 



\ftei diabsis and filtration 

1 la) 200 cc 

1260 

39 



(h\ 200 “ 

1250 

38 


“ centrifuging at 0 20 

(0) 250 “ 

840 

32 


ja*uiation 

{b, 250 “ 1 

1 



Piior to 1st crjstallization 

Un 256 “ 1 

645 

25 


(0 25 saturation, pH 3 6} 

(b> 224 “ 

490 

17 


1st generation C15 stale after ' 

(a) 30 “ 

3120 

14 

8311 

dissolving (much amor- 

(6) 25 “ 

3280 

13 

930 

jihous material present) 





Prior to 2nd crjstallization 

1 (a) 38 “ 

2640 

i5 



(6) 40 “ 

1 2240 

14 


2iid generaiion crystals 

(a) 40 “ 

1880 

12 

990 

I'fter dissohaiig (little 

(b) 30 “ 

2760 ' 

13 

1030 

amorphou' material) 





Prioi to 3rd crjstallization 

(a) 50 “ 

1590 

12 



(6t 40 “ 




Ird gonerition crjstals 

(o' 10 “ 

65^10 

lot 

il30 

stored iL 0 60 saturated , 

ib> 10 “ 

6250 

10 

1100 

imnionium sulfate, pll 





1 7 (trace onlj of imor 1 



1 


phois material J | 



1 

1 



T his ■' ii^ ij a 1 atio i- nnt i*! ned to be moi e than a good appi o\i inaticii 

■fEqun^lci'l to 3S3 n g oi i ro n 


The V hcBie (■* piuilif ation and cn-^^tallization is outlined m T<iblc I for 
t!ie pui i3.-e 01 c^niuy the vu Ids and <5pecific at inities obi uned 

T1 ipi' v '"Q PIN St ils (Fig 2> aic usus'b tt\ el\ e-sidtd figures, appar- 
I iiiiy I iiut'O’’ bt’t tilien thej tie giotm ‘-loub in the i o’d fioni a con- 
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fcjili.ixd so'olioiiol plr,^clna!^G^ ollcn .ii*p<.n i^'ct \i!,onal pn-ns f . Pj (d 
bx p\ lainid^ jf Ihc vime ou ci Doiu o ysnl foims appca) l,.> 1 j. uiH' inlh 
H'fi ictnt ''Vhen .x '-vispciiMoii oi ci\‘xlals in aimm.niurn Mibai. (,'JJ T'l 
xMs ovapf'i dod to X n(bs ai lonni tc'mpeiaimc, and the lesiu' o n.-a.- 
otiulod in amniouium ulfah bolution d was louud tliat maio lai (hodXb 



Fig 2 Crystals of sweet potato amylase (a 400) 


lal- \\e>e aninjuicd (One dned piepaiation ‘ilill letamcd at i.d of it' 
iioin.al ictix itj and showed a coiiesponding decieasc in actiM'/ pci ifg 
ol pi olein N ) 

’J'est’! foi a-Av)ijlasc, Mallasc, and I'liOf^phnUisc- Si oct potato jince lou 
tains tiacob of a-tmylacf and maUa«e and a huge quantiti of in 'u id 
phosphatase d-Aniylasei lystallized five times w.is tested loi t!u seenzym 
No a-amvl ISC iias found by the seiibitiie method of Sch>\m me. (' , 
with 10 mg oi en/}Tne pioiein and a digestion time ei 4 hoe '’'d 
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a'n'"in' of "nzyme u&cj (aboii+ 20G unitv?; Bag cuou^I) tu Jiavr produced* 
nbout . ) lip es the limit de\trm used in tl c test in 10 mi lutes * 

Ba^-'iested fw by permitting 10 nnirs of cnvstallmc'eu/ione to 
act on oOimg oi puic maltov^ m 30 C" m 0 01 jt acr tale bufft.. (pH. o 2) 
foi 20 miriy'e> at 40° Thaeaiiei, ihe glueoix, loimt d uas esiimated d:^ 
‘■h. p'ocedure cf Taubn and Hcinei flO), howcier, ,i photocleconc coiori- 
metei r^gecl The glucose found bus 0 65 mg This value is too small 
tl oi legaided \vath much confidence, for the detection of such majd 
. I ^arg of ghico'-e m the pie«ence of much othei leducing s.^gar is not 



1 3 Course of starch conversion (O) by purified wheat /J-amylase, ( O ) f-r do 
(? J.U iase (siieet potato juice) , (O ) sweet potato amjtase crystaU'ted five 

very satisfactory If the crystals show maltasp activity at all, it must be 
/eV small 

Tiirther evidence of the absence of maltase m the tiTstahmc ma'^e lal is 
fn ished la Pig 3 by a comparison of the extent of sta,ch ''onvirsani 
pcv/'iiced hv buee enzjTue piepaiations diluted to contam appioxmiate'y 
i‘ c ame j-* amylase fictmty These preparauons were (oi sneci, potato 
- ai dned in a vacuum while frozen and rediSiolved in water foi use (p^ 
i V lalhne 3-auAlase, a [t i a comineiual piejiaiation of /J-amyla'C pre- 
pared fioir wheat b3^ the procedure of Sandstedr, Ifheen, and Ehsh (11) 
~ad d-=‘moustiated to he I’ee fiom a-a nyla- > Tnis is the pieparation cus- 
?rp aty used in the as‘-sv of cereals fo«- o-amada '' The conversion v as 
r j inmed hy^,the method n cd hoie fai assay m empaicai cur e (.not 

i ; )ii) V s made wath rare iirlte® and as'^d to "'oiiert the fenicy^anide 
'uced^ the f onesponding quanlities ol r ‘’hise 
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The oiiginal sweet potato juice gave ultimately a liighei i educing value 
than eithei the ciystalhne oi the wheat piepaiations This is presumably 


Table II 

A7iahjsis of Ciystalhne ^-Amylase 


Component 

Per cent 

Notes 

Arginine 

6 0 

Hydiolj/ed 20 hrs with constant boiling 
HCl, thcreaftei by Sakaguchi method 
as modified by Thomas, Ingalls, and 
Luck (14), extrapolation after Brand 
and Kassell (15) 

Tyrosine 

7 0 

Hydrolyzed 20 hrs with constant boiling 
HCl, thereafter by modified Millon 
(Block and Bolling (16)) 

Cystine + cj'steine 

0 79 

Hydrolyzed 6 hrs with constant boiling 

(as cystine) 


HCl, dcteinunation after Sullivan, 
Hess, and Howard (17) 

Methionine 

4 32 

Hydiob’^zed 20 hrs wuth constant boiling 
HCl, method of McCarthy and 
Sullivin (IS), modified* 

Amino N 

0 S3 

Van Slyke, 3 nun 

Amide “ 

1 16 

Hydrob'zed 5 hrs in 2 N HCl 

Protein N 

14 8 

Trichloroacetic acid precipitation, 

Kjeldahl 

Total Nt 

15 1 

Kjeldahl, aftei dialysis of 7 times 
ciystalhzed enzyme, sample dried at 
105° in an to constant weight 

*< 

15 2 

Dialysis, Dumas, sample diied at 105° 
in air to constant weight 

Ash 

0 66 



* Di Bernard Axelrod, of tins Laboratorj"-, has found that Bhen the addition of 
the stioiig acid to the reaction mixture is made by the piocedure of McCaith}^ and 
Sullivan considerable vaiiation in the final color may be encounteied This diffi- 
cultj^, especially seiious vith the blanks and nith modeiate concentrations of methi- 
onine, i\ as obviated bj precoohng the two solutions in separate tubes in an ice bath, 
mixing them quickly by pouring back and forth, and then proceeding by the method 
of icfciencc In the determinations shown here, the blank was the same for all five 
aliquots of the hydiolyzed piotein With the smallest sample it amounted to about 
40 per cent of the total reading and correspondingly less w ith laigei samples 

tThe nitrogen determination (17 48 per cent), repoited by us previously (1), 
cannot be repeated and is evidently an error 

because of the maltase it contains On the othei hand, theie is a lemaik- 
ably close coiiespondence between the end-points of the othei two piepaia- 
tions The obseit ed cont eision (60 pei cent) is close to the value geneially 
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accepted foi the action of /3-am\lase in cereals on this tj^pe of starch = No 
e%ndence foi oi against the identitA of the residual dextnns formed b}"- the 
tA\ 0 enz^mies hsa yet been obtamed 

Phosphatase was measuied by the p-mtrophenjl phosphate method of 
A.\elrod (13) Mitli 50 /3-amylase units (0 044 mg of protem mtrogen) This 
quantitj Mas found to contain less than 0 25 phosphatase umt, which is 
about the loMer limit of sensitivity for the method The ratio of phos- 
phatase units to amylase units uas therefore about 0 05, whereas the ratio 
in the original sm eet potato juice vas slightly over 8 0 Despite the puri- 
fication of the protein befoie crj'-stallization, the mother liquor of the first 
crystallization w as rich m phosphatase, and the thrice crystallized protem 
still pontained small but measurable amounts 



Fig 4 pH optimum of sweet potato amj lase crj staUized three times, O acetate 
buffer, • citrate buffer 

Analytical — ^The results obtained in the determmations of several con- 
stituents of a thrice crystallized pieparation (specific activity about 1100) 
are gi\ en m Table II The protem contains more than an average amount 
of tyrosme and i erj^ little C 3 ^stme and cj’^steme 

The absorption spectrum of the solution of material crystallized three 
and SIX times gat e no mdication of a known prosthetic group The solu- 
tions were slightlj jmllomsh, although the color was decreased bj' success- 
ive crystallizations The usual protem absorption, presumabN due here to 

= Over a wade range the extent of conversion was practically independent of the 
quantitj of crjstalhne sweet potato amjlase used Thus in 60 minutes at 30°, wath 
30 cc of the starch substrate previouslj descnbed, 3 units of the same enzjane prepa- 
ration used above gat e 59 0 per cent com ersion, 30 units ga\ e 60 3 per cent, and 300 
units gat e 60 S per cent The method used for the determination of reducing sugar in 
this cxpenment was not that git en m the text, but a modification of the Willstatter- 
Schudc! method descnbed bj Jansen and MacDonnell (12) 
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tyiosme, was noticed The spectium of the ash was, except for a tiace of 
lead, piactically that of the solids in the tap water used for dialysis 
Theie is thus no indication that the enzyme contains a light-absoibmg 
piosthetic group oi is a heavy metal complex 

Nxiroprusstde Reaction — ^The usual nitiopiusside test on about 3 mg por- 
tions of protein was piactically negative both befoie and aftei reduction 
wath cyamde In the piesence of guanidine, however, it was strongly posi- 
tive but not visibly inci eased by cyanide Piotem coagulated by heat also 
gave a stiongly positive nitroprusside test without guanidme It may be 
concluded that all the S — S and — SH sulfur is masked, and that a laige 
proportion of it exists as — SH in the native pi otem 

pH Optimum — The activity of enz^une ciystallized three times at vaiious 
pH levels was determined ivith citiate and with acetate buffeis, each 0 10 
M in the leacting system The results are given m Fig 4 Between pH 4 
and pH 5 the activity is not markedly affected bj'’ changes in the pH 
Beyond this lange, howevei, it is obviously affected bj’’ the chaiactei of the 
anions piesent Ballou and Luck (19) previously found a similai picture 
in then veij’’ careful work on the pH optimum of wheat )3-amylase 

SUMMARY 

A ciystalhne protein exhibiting a high activity as /?-amylase has been 
prepaied from sweet potatoes The yield is substantial, about a tenth of 
the oiiginal activity lemains aftei thiee crj^stallizations Thiough most 
of its puiification the enzyme was accompanied by a phosphatase and by 
some caiboltydiate, but neithei is piesent aftei seveial ci 3 ''stallizations 
The enz^TOe behavioi of the ciystalhne piotem coi responds closely to 
what IS geneially legaided as /S-amjdase The pH optimum is very broad, 
Lintnei staich is bioken down to an extent of about 60 pei cent, and no 
a amylolytic activity has been detected 
Some obseivations on tlie composition of the crystalline enzyme aie also 
repoited Spectioscopic examination has given no mdications that the 
enzyme contains an essential heavy metal oi a recognized pi esthetic group 

The authors desiie to thank Di E J Eastmond and Mi G F Bailey 
of the Westein Regional Reseaich Laboiatory foi the spectioscopic exam- 
inations, Dr Beinaid Axehod of this Laboiatoiy foi the phosphatase de- 
terminations, and Di Sigmund Schwimmei of this Laboiatoi 3 ’- foi the tests 
for a-amvlase, maltase, and the extent of starch conveision 
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THE COMBINATION OF ADENINE, ADENOSINE, AND 
ADENYLIC ACID WITH SERUjM ALBUjMIN 


IRVING jM ICLOTZ and JEAN U URQUHART 
(From the Department of Chemistry, Northwestern University, Evanston) 

(Received for publication, November 20, 1947) 

The importance of adenme derivatives in many biological systems makes 
it desirable to have information on the mteractions of some of these com- 
pounds -mth proteins It has been demonstrated that adenosme and 
adenylic acid may be removed from solution by heat-coagulated protems 
and that adenyhc acid may be bound by a protem m the sol state at a pH 
acid to the isoelectric pomt (1) Emdence of bmdmg at a pH above the 
isoelectric point, at which both protem and adenylic acid nould be amomc, 
has been lacking It has seemed desirable, therefore, to make quantitative 
mvestigations of such mteractions, similar to those carried out previously 
with other organic molecules (2) 

EXPERIMENTAL 

Matenals — ^Bovme serum albunun was Armour’s crystallized product 
Its iiater content was determmed by heatmg m an oven at 110° 

Adenme hydrochloride, adenosme, and adenylic acid (adenosme-3-phos- 
phate) were obtamed from the Schwarz Laboratories At pH 7 6, all 
showed absorption peaks at 2600 A and molecular extinction coefficients of 
12,600, 14,600, and 14,600, respectively, m substantial agreement with the 
values reported by hlitchell and McElroy (3) The adenylic acid n as also 
titrated with base and shov ed a pK 2 of 6 23 as veil as an equivalent weight 
correspondmg to 100 ±05 per cent purity Nitrogen analysis, however, 
gave a shghtly lov' value, 19 5 per cent bemg found as compared to 20 17 
per cent calculated from the formula of adenylic acid 
Buffers of pH 7 6 were piepared from Baker’s c p Analyzed grade of 
phosphate salts and neie appioximately 0 1 m 

Methods — Cellophane bags were prepared from commercial sausage casing 
and Here filled with a measured amount of a protem solution, usually near 
8 per cent concentration The bag w^as immersed m a solution of the 
purine derivative and placed m a refrigeratoi at approximately 5° for a 
period of 72 hours, an interval sufficient for the attainment of equilibrium 
The bag was then removed and the external solution analyzed for the purme 
compound by means of the optical absorption at 2600 A For each concen- 
tration of punne, a control tube w as prepared also, which differed from the 
primary tube only in that the former contamed buffer rather than a protem 
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solution inside the bag By this naethod it is possible to minunize any 
eriois aiising fiom binding of the purine by the cellophane membrane 

Optical densities were measuied in the Beclonan ultraviolet spectro- 
photometer vuth 1 cm cells 

RESULTS AND DISCUSSION 

The method of calculation of the moles of bound puiine pei mole of total 
protem from the experimental data has been described pieviously (2) One 
additional consideiation is necessaiy m these measurements Since the 
concentration of protem is quite high, a significant Donnan effect will be 
present in the equilibiium vith the adenylate ion If a collection is not 
made foi this effect, the binding calculations will give low values The 
magnitude of the Donnan collection was estimated, theiefore, from data in 
theliteratuie (4-7), and the latio of (divalent) anion concentrations outside 
and inside the bag, lespectively, was taken as 1 08 No coirection was 
made foi the adenine oi adenosine, since then hydrochlorides have pK 
values of 4 1 and 3 6 (8), lespectively, and hence they would exist as neutral 
molecules m a solution of pH 7 6 

The extent of bmding of these adenme derivatives as a function of the 
con centiation of the flee molecule has been summarized m Fig 1 In each 
case the aveiage numbei of bound molecules on each protem molecule in- 
ci eases ^vlth mcieasmg concentiation of the free purme It is also immedi- 
ately evident from Fig 1 that the addition of the phosphate group to the 
adenosme mcreases the bmdmg m a much more pronounced fasluon than 
does the addition of the iibose lesidue to the adenme ■ 

Seveial expeiiments vere tiled also to determine the extent of bmdmg of 
adenylic acid by bovine y-globulm No significant bmdmg was obseived 
Such behavioi parallels that obseived previously with othei organic 
anions (9) 

The quantitative data on bmdmg by albumin may be con elated in teims 
of the lavs of equilibiium by the followmg piocedme Smce the average 
number of bound molecules pei molecule of piotem is so veiy much less than 
1, it IS not necessaiy to wiite geneial equations for multiple bmdmg, but 
instead it is sufficient to describe the equilibiia bj'- a smgle equation of the 
form 

P + A = PA ( 1 ) 

vheie P repiesents the piotem and A the adenme derivative If the moles 
of bound oiganic molecule per mole of total protem are represented by ?, 
then it IS clear from the definition that 

(PA) 

(P) + (PA) 


(2) 
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Simple algebraic manipulation leads to the foUowmg expression for the 
equilibrium constant for reaction (1) 



Fig 1 Binding of some purine compounds by bovine serum albumin at 5° and pH 
7 6 □ adenine, A adenosine, O adenylic acid 

Table I 

Free Energies of Binding of Some Adenine Derivatives hy Bovine Serum Albumin 

at 5° and pH 7 6 


Substance 

AF® 

Adenine 

calones per mole 

-30S0 

Adenosine 

-3370 

Adenylic acid 

-3810 


h = 


r 1 

m-(I) 


(3) 


From the equilibrium constants, the free energies of bmdmg may be evalu- 
ated through the thermodynamic expression 


AF" = -RT In k 


(4) 
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The fiee energies of binding have been calculated and are assembled in 
Table I The values are fai lowei than those observed with some of the azo 
dyes (2) The moie polai nature of the purine compounds appaiently 
tends to keep them in the water On the othei hand, it is of interest to note 
that the phosphate gioup, not^vlthstandmg its negative charge, incieases 
the bmding eneigy to a greater extent than does the addition of a ribose 
residue, despite the much laiger size (and hence mcreased van der Waals 
mteraction) of the lattei Howevei , such behavior is in agreement ivith the 
pomt of view that pait of the stabilization energy of the anion-protem com- 
plex IS derived from electrostatic interaction between the negatively charged 
organic ion and a positively charged quatemaiy nitiogen on the protem 
molecule (9) 


SUMMARY 

Quantitative data have been obtamed on the bindmg of adenine, 
adenosme, and adenylic acid, lespectively, by bovine seium albumin Tree 
energies of bindmg have been calculated and aie — 3080,— 3370, and —3810 
calories per mole, respectively 

These investigations were suppoited in part by a grant fiom the Office of 
Naval Research 


BIBLIOGRAPHY 

1 von Przylecki, S J , and Giynberg, M Z , Biochem Z , 261, 24S (1932) 

2 Klotz, I M , and Walkei, F M ,J Am Chem Soc , 69, 1G09 (1947) 

3 Mitclicll, H K , and McElroy, W D , Aich B^ochern , 10, 343 (1946) 

4 Loeb, R F , and Nichols, F G , J Biol Chon , 72, 687 (1927) 

5 Greenberg, D M , and Gunthei , L , 7 Biol Chom , 86, 491 (1929-30) 

6 Greene, C H , and Povei, M H , / Biol Chon , 91, 183 (1931) 

7 IMcLean, F C , and Hastings, A B , J Btol Chem , 108, 285 (1935) 

8 Ogston, A G , J Chon Soc , 1713 (1936) 

9 Klotz, I hi , J Am Chon Soc , 68, 2299 (1946) 



THE EFFECT OF TEMPERATURE ON" THE pH OF BLOOD 
-AN^D PLASJLA IN 'SITRO* 


Bt T B ROSEKTHALt 

'(From the Department of Physiology, Yale Uniiersily School of Medicine, New Haven) 

(Recen ed for publication, No\ ember 24, 1947) 

Although the electrometric technique of measuring blood pH has been 
simplified and lendered quite accurate, there still appears to be some 
doubt about the numerical i alue of a correction to be apphed to the ob- 
sen ed pH in cases m hich the temperature of the blood sample is not 38° 
(1-3) The acidity of blood in vtU o vanes to such an evtent v ith temperature 
that foi accurate determmation of its pFI the sample should be measured at 
body temperature Due to the inconvenience, honever, of uorkmg with 
temperature-eonti oiled apparatus it has been the practice to take measure- 
ments at room temperature and then make the appropriate corrections 
In many clinical laboratories plasma or serum is used mstead of whole blood, 
nhich can introduce certam complications m the inteipretation of results 
Unless V e have precise knov ledge of the effect of temperature on the pH 
of n hole blood and plasma, it is diGBcult to compare measurements taken 
under these vailing circumstances A s 3 ’'stematic study was therefore 
undertaken on a large number of samples under controlled conditions vnth 
glass electrodes capable of gimng results dependable to 0 01 of a pH unit 

EXPERUEESsTAU 

Blood uas drawn anaerobically from the heart or femoral arterj’- m 
annuals and from the antecubital vem m human subjects, coagulation bemg 
avoided either by defibrmation under oil or bj"- addition of potassium oxa- 
late solution to the sjumge Coagulation m itself does not cause a change of 
blood pH (4), but difficulty in cleanmg made it necessai^'- to avoid clot 
formation vnthin the capillarj’’ tubing of the apparatus 

Concentrations of 0 1 to 0 2 per cent oxalate are sufficient for the purpose 
and do not alter pH or disturb ionic relationships betv een cells and plasma 
(5) A blood sample so tieated and kept m the syrmge nill mamtam a 
constant pH for about 30 minutes, but if it is necessary to delay the pH 
measurement for 24 to 48 hours it is advisable to add 0 06 per cent NaF 
as well as oxalate and to chill the sample immediately This procedure 

i 

* Data taken from a dissertation in partial fulfilment of the requirements for the 
degree of Doctor of Philosoph 3 , 4 ale Unit ersitj , 1941 

t Present address, Barnard Free Skin and Cancer Hospital, St Louis, Missouri 
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inhibits the glycolytic leactions which otherwise pioduce a drop in pH 
amounting to a large part of a unit in the couise of a few houis 
The basic data were obtained by dividing the sample into two por- 
tions and making the pH measurements sunultaneously at 38° and at loom 
tempeiature With the use of the tempeiature-conti oiled vessels and semi- 
micio glass electrodes desciibed by Nuns (6), samples of 1 ml were found 
ample for duplicate pans of determinations As shovm in Fig 1, the B f 
of each glass electiode in its blood sample is measuied potentiometiically 
with respect to the satuiated calomel half-cell, balance being achieved with 
the aid of an amplifier (7) which peimits the potentiometei to be lead to 
0 2 millivolt The voltage leadmg given by each blood sample is con- 



Fig 1 Potentiometric determination of pH, blood samples maintained at body 
and room temperatures Liquid junctions are formed within the stop-cocks 

verted to pH units by interpolation between the leadmgs given by two 
buffers of known pH (8) 

The first problem was the geneial nature of the relationship between pH 
and temperatuie m any given blood sample It w as found that pH rose 
hneaily v ith a fall in tempeiatuie over the lange studied fiom 38-18° In 
Fig 2 aio presented the results on a few samples taken at random These 
measurements were made on each sample with thiee glass electrodes, at 
thicc temperatures simultaneously Since the lines for whole blood aie 
practically parallel, we conclude that the rate of change of pH with tem- 
pcratui e is independent of the initial value of pH at 38° A moie extensive 
investigation latei shoved that the slope of the line does not change ap- 
preciably nhen the initial pH at 38° vaues fiom 7 25 to 7 45, which aie 
about the limits of physiological variation 
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Next, the question of reversibility u as studied It u as found that v hen 
fluoride was einplo 5 ’'ed to prevent gtycotysis the blood sample could be 
repeatedly warmed and cooled from 38-3° wuthout altering the pH at 38° 
more than 0 01 umt 

Table I summanzes the prmcipal findings on whole blood Since the 
relation between blood pH and temperature is Imear, the “temperature 
coefficient” (pH units per degree centigrade) w as calculated by dividing the 
difference m pH (at body and room temperatures) by the difference in 
temperatures In each of these senes no attempt w as made to estabhsh a 
“normal” value of blood pH at 38° or at any other temperature In fact 
the onginal pH was often deliberately altered to some extent so that the 



Fig 2 Examples of linear relationship between pH and temperature for T\hole 
blood and for plasma 

mean value of the temperatuie coefficient would be representative of a ser- 
ies of normal and abnormal blood specimens 
In this connection a study was made of the effect of changes m the 
concentrations of the prmcipal buffer systems of the blood The hemo- 
globin, plasma protein, and bicarbonate concentrations of different samples 
were raised or lowered about 50 per cent by addition of eiwthrocjdes or b 5 ^ 
dilutions with plasma or sahne In each case no significant change oc- 
curred m the slope of the Ime Hence we may assume that the numerical 
value of the temperatuie coefficient for pH, as gix’-en below, applies both 
in health and disease 

Since the means for blood of x arious species are so close to each other. 
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the data weie subjected to an analysis of variance, which showed that the 
vanance of measurements within a species was greatei than the variance 
of means among the species (by a factor of 2 3) Hence we aie justified 
in pioposing a single mean value of —0 0147 pH unit pei degiee centigrade 
for whole blood of man, dog, cat, and rabbit Oi m general where t is the 
tempeiature at which blood pH is lead 

Blood pHas = pH, - 0 0147(38 - t) (1) 

As might be anticipated from the absence of a piotein concentration 
effect, no significant difference could be found between the behaviors of 
serum and plasma Both exliibit the characteristic lineai lelationship 


Table I 

Whole Blood of Various Species 


Source 

No of samples 

Mean temperature 
cocffieient* 

Standard 

deviation 

T B R 

34 


0 00055 

Miscellaneous, human 

18 


0 00060 

Dogs 

43 

0 0146o 

0 00065 

Cats 

10 

0 0149o 

0 00065 

Rabbits 

8 1 

0 01465 

0 00055 

Weighted mean 

1 

0 0147o i 

1 

0 00061 


* Over the range 38° to room temperature (18-24°) 


Table II 

Plasma or Serum of Various Species 


Source 

No of samples 

Mean temperature 
coefficient 

Standard 

deviation 

T B R 

16 


0 00025 

Miscellaneous, human 

15 


0 00050 

Dogs 

23 


0 00110 

Rabbits 

7 


0 00025 


(Fig 2) between pH and tempeiatuie, independent of initial pH at 38° 
As Table II shovs, however, the numerical value of the tempeiature co- 
efficient IS lowei than that of whole blood and there is a ceitain amount 
of species variability We confirm an observation of Yoshimura (3) that 
the temperature coefficients of labbit blood and plasma are almost the 
same F or human plasma a f oimula similar to that of blood may be written 

Plasma pH,8 = pH, - 0 0118(38 - t) (2) 

Relation between Whole Blood and Plasma — Normal physiological oi 
“true” plasma is here defined as that plasma which is in physicochemical 



















T B ROSENTHAL 


29 


equilibnum with the erythrocytes at 38° Its pH is identical with that of 
whole blood at38°, since the erythrocytes behave merely like mert suspended 
bodies -with respect to the electrodes “Derived” plasma is defined as 
plasma obtained from whole blood by separation at any temperature other 
than 38° It differs in pH and in chemical composition from true plasma 
Moreover a derived plasma warmed to 38° will not yield the same pH as 
the true plasma, because of the difference in temperature coefficients be- 
tween whole blood and plasma The relationships are graphically illus- 
trated m Fig 3 

The sohd hne for whole blood is drawn wuth the slope of —0 0147, with 
pHas set equal to 7 40 The broken line for true plasma is draw n wuth the 



Fig 3 The influence of the temperature of centrifugation, showing how two 
plasma samples separated from the same whole blood can have different pH values 

slope of —0 0118 and must intersect the sohd Ime at 38° Another 
broken line wuth the same slope is drawn to represent a derived plasma ob- 
tamed at 18° In this particular case at a given temperature the difference 
in pH between true and derived plasma is almost 0 06 If the temperature 
of separation w'ere 3°, this difference would amount to about 0 10 
To avoid errors m calculating blood pHas from measurements on derived 
plasma formulae (1) and (2) are combmed to give a more general relation- 
shm 


Blood pHjs = plasma pH — 0 0118(38 — (m) — 0 0029 (38 — ti) (3) 

where tc is the temperature at which the blood wms centrifuged, and is 
the temperature of the nlasma w'hen its pH is measured 
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It may be well at this point to call attention to a misconception on the 
pait of some who use commercial pH metei-s that aie equipped Mith “tem- 
peiatuie coirection” contiols Such contiols aie designed to compensate 
foi tempeiatuie vaiiation in the factoi RT/F, which appears in the well 
known foiTOula relating e m f and hydiogen ion concentration, so that the 
metei scale can be lead directly at all ambient temperatures Simply 
setting the pointei at 38° does not solve the pioblem of finding pHss while 
the sample is at loom tempeiatuie 

One might expect to find diffeiences in the plasma concentrations of 
othei electiolytes as a function of the temperatuie of separation A short 
series of pielimmaij'’ experiments was theiefore made to compaie the chlo- 
ride and CO 2 contents of a tnie plasma with those of a deiived plasma 
Foi chloiide the loss amounted to about 3 pei cent, but foi CO 2 it was 
quite vaiiable (2 5 to 14 5 pei cent), probably because the samples were not 
uniform uith lespect to pH and CO 2 content Theie is enough evidence, 
howevei, to indicate the necessity of a standard tempeiature of centnfuga- 
tion if lesults of plasma analyses aie to be comparable 

The author wishes to expiess his appreciation foi the unfailing advice 
and assistance given by Dr L F Nuns, Dr D I Hitchcock, and Dr P H 
Lavietes The figuies are the woik of Mr A Fieeman 

SUMMARY 

The tempeiature coefiicients of pH foi whole blood of man and laboratoiy 
animals are found to be the same, but minoi species differences exist in 
their plasmas The numerical value of the tempeiature coefficient is 
constant between 38-18° and independent of abnormal concentrations of 
hemoglobin, plasma piotein, and bicaibonate 

A formula is presented by which the oiigmal pH of a blood sample can be 
calculated fiom a measuiement of its plasma pH at 100 m temperature 
Relations between whole blood, tiue plasma, and deiived plasma aie dis- 
cussed 
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INACTIVATION OF ARGINASE BY PROTEIN DENATURANTS 

Bi AKDRER' HUNTER -und CL4RENCE E DOWNS 

{From the Department of Pathological Chemisiry, Lniversily of Toronto, 
Toronto, Canada) 

(Recened for publication, November 28, 1947) 

Anson and Mirsky (1) showed that, when hemoglobin is denatured by 
neutral sodium sahcylate, the relation between salicylate concentration and 
percentage denaturation (the latter measured by the change m green light 
absorption) is represented by an S-shaped curi'e It might be anticipated 
that mth other protems and other comparable denaturants a similar rela- 
tion would prevail If the protein were an enzjTne, denaturation would 
mvolve loss of activit}'-, and the cun^e of percentage or fractional mactiva- 
tion versus concentration of denaturant might be expected to be agam a 
sigmoid In the case of the enzjune argmase this expectation, we have 
found, IS realized not only in the action of sodium sahcylate, but also m that 
of at least three other denaturants potassium thiocyanate, guamdme 
hydrochlonde, and sodium dodecyl sulfate (Duponol C) With the last of 
these it seems likely that loss of actmty and extent of denaturation are 
exactly commensurate With the others the situation is perhaps not so 
simple 


Method 

In studymg the effect upon argmase activity of the four substances men- 
tioned we adopted the procedure which we had already applied to the 
measurement of the inhibitory effect of ammo acids (2) 

Into each of a series of urea tubes were measured 2 ml of 1 875 per cent 
argimne hydrochloride m phosphate-phenolsulfonate buffer solution (0 5 
M, pH 8 4) To the first tube there were added 5 ml of water, to each of the 
others 5 ml of a solution of the denaturant under test, the concentration of 
the added solution mcreasmg stepwise from tube to tube up to an appropri- 
ate maximum With potassium thiocyanate this maximum was 41 6 per 
cent, with sodium salicylate 30 per cent, with guamdme hydrochloride 24 45 
per cent, and with Duponol C 0 2 per cent The mixtures havmg been 
brought to 37° m a water thermostat were treated each with 1 ml of 
a cobalt-activated argmase solution of convement strength After an m- 
cubation period of, m each case, 30 minutes, the reaction was stopped, the 
quantities of urea produced were determmed, and the results were trans- 
lated mto terms of argmase actmty by reference to our standard cun e for 
an argmme concentration of 0 0223 m (3) This procedure is justifiable 
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only if the form of the cm ve relating enzyme quantity and action within 30 
mmutes is unaffected by the piesence of the inactivating agent We have 
satisfied oui selves that this is tiue foi salicylate, and have assumed it to be 
so for the other agents also 

The urea determmations were made by the uiease method Since that 
enzyme itself is mactivated m gi eater or less degree by each of the de- 
naturants studied, care was taken to employ m every series of experiments 

Table I 

Inactivation of Arginase hy Sodium Salicylate 
Each mixture contained 5 ml of a sodium salieylate solution of the concentration 
indicated m the first eolumn, 2 ml of a buffei solution eontaining 1 875 per cent of 
arginine hydrochlonde, and 1 ml of arginase solution Total volume 8 ml , pH 8 4, 
arginine concentration 0 0223 m 


Concentration of sodium salicylate 

Urea N found 

Arginase 

corresponding 

Fractional 
inactivation, \ — a 

As added 

final 

{lercent 

u 

mg 

units 


0 

0 000 

2 852 

12 66 


2 

0 078 

2 852 

12 66 

0 000 

4 

0 156 

2 818 

12 38 

0 022 

6 

0 235 

2 764 

11 92 

0 058 

8 

0 313 

2 678 

11 22 

0 114 

10 

0 390 

2 530 

10 23 

0 192 

0 

0 000 

2 612 

10 79 ' 


12 

0 469 

2 197 

S 03 

0 256 

14 

0 547 

2 025 

7 05 

0 347 

16 i 

0 625 

1 734 

5 58 

0 483 

18 

0 703 

1 407 

4 18 

0 612 

1 

0 

0 000 

2 894 

13 01 

1 

20 

0 781 

1 242 1 

3 53 

0 718 

22 

0 859 

0 938 

2 48 

0 809 

24 

0 937 

0 604 

1 49 

i 0 885 

26 

1 015 

0 360 

0 82 

0 937 

28 

1 093 

0 181 

0 40 

0 969 

30 

1 171 

0 119 

0 25 

0 981 


a demonstrably adequate excess The deteimination was usually com- 
pleted by aeration of ammonia and titration This procedui e could not be 
used in the presence of guanidine, for that substance itself yields ammonia 
upon treatment with alkaline carbonates In the guanidine seiies, accord- 
ingly, ve employed, as the final step, the manometiic determination of CO 2 
(4), making the leaction mixture up to 15 ml , and applying the urease to a 
5 ml aliquot 
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Results 

The results obtained ivith sodium saliqjlate are recorded in detail in 
Table I They are derived, it -nill be observed, from three separate ex- 
periments, each covering one part only of the whole range of salicylate 
concentrations The quantity of arginase employed vas not identical m 
all exTieriments, but the data are reduced to a imiform basis m the last 
column of Table I, nhere, under the designation "Fractional inactivation” 
and the symbol 1 — a, the diminution of argmase activity resultmg from 
each given concentiation of salicylate is expressed as a fraction of the activ- 
ity in the absence of the denaturant Although the first and last of the 
three experiments nere separated, as it happened, by an mterval of 22 



Fig 1 Inactivation of arginase by sodium salicylate (Curve I) and potassium 
thiocj anate (Curve II) The early part of Curve I is drawn to fit the equation 
X — a — [NaCiHsOj]* YdNaCiHsOj]' ' -f- 0 427), the early part of Curve II to fit 
1 — a = [KCXS]’ VdKCKS] ‘ + 2 72) In each case the curve representing the 
given equation is completed as a broken line 

days, the combmed results form a completely concordant series This is 
made evident in the graph of Fig 1, -where fractional mactivation plotted 
against molar concentration of salicylate is seen to yield a smoothly con- 
tmuous curve 

Fig 1 exhibits also the outcome, similarly mterpreted, of a smgle m- 
clusive experiment with potassium thiocyanate, tvhile Figs 2 and 3 represent 
results obtamed with quanidine hydrochloride and Duponol C respectively 
On the guanidme graph each of the first six pomts is an average derived 
from three separate e-qperiments, one only of which was extended to m- 
clude concentrations higher than 10 m For Duponol C the pomts are 
drawn from two experiments, one covering concentrations (calculated as 
for pure Na dodecyl sulfate) from 0 000103 to 0 00103 m, the other the 
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overlapping range 0 000517 to 0 00414 m It may be added that in all 
cases additional expeiiments gave results sufficiently consistent with those 
here e\hibited 



Fig 2 Inactivation of arginase by guanidine hydrochloride Up to a fractional 
inactivation of 0 7 the line drawn through the experimental points conforms to the 
equation 1 - « == [CHsNs 11011= ^/([CHsN, HCIP « + 0 451) The later course of 
the curve representing this equation is shown as a broken line 



Fig 3 Inactivation of aiginase by Duponol C The line drawn repicsents the 
equation 1 - a = [CiiHjsOiSNalVdCisHaiOiSNa]® + 2 G3 X 10-“) 

DISCUSSION 

The lesults shouTi, although lepioducible, were obtamed by a method 
to which there is one faiily obvious objection Denatuiation by substances 
like sodium sahc5date is neither an instantaneous nor an uncomplicated 
reaction According to Anson and Mirslc^' (1) it involves a reversible 
change, reaching completion in about 20 minutes at 25°, followed (per- 
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haps accompanied) by a simmer irreversible one Ideally, therefore, activ- 
ities should have been measuied only after an interval long enough to per- 
mit the establishment of an equilibrium between native and denatured 
argmase, yet so short that irreversible changes had made only negligible 
progress Had it been possible to make our measurements instantaneously, 
this condition might perhaps have been fulfilled In practice it was un- 
attamable As measured by our relatively tune-consummg procedure, loss 
of argmase activity m the presence of salicylate at 37° contmued (although 
at an ever dimmishmg specific rate) for an mdefimte period (with moderate 
concentrations for at least 24 hours), and did not cease until the enzyme 
had become all but completely mactive Under these circumstances no 
better expedient presented itself than to measure, as ne did, the action 
over the first 30 mmutes of contact with the denaturant Such action, it 
18 evident, will not correspond to activity at any one determinable instant, 
but may at the best represent approximately the mean activity over the 
whole period of measurement 

In spite of the element of uncertainty thus inherent m the method we 
believe that the reported activities reflect with sufficient accuracy the rela- 
tive effects of different concentrations of each denaturant This belief is 
supported by the fact, already mentioned, that vnth the technique adopted 
the relation between quantity of enzyme and action m 30 mmutes is found 
to take exactly the same form in the presence as in the absence of salicylate 
This would imply that the fraction of enzyme mactivated is mdependent 
of its total amount, which is just what the knoini phenomena of denatura- 
tion (5) would have brought one to anticipate That m this respect our 
method leads to the theoretically predictable result would seem to justify 
a certam confidence m its other mdications This confidence is mcreased 
by the general similarity of our cun'es to that of Anson and Mirsky 
Ail four of the curves aie m fact S-shaped, though not all have exactly 
the same form Those for salicylate and thiocyanate (Tig 1) are nearly 
symmetrical, with pomts of mflection at about 50 per cent mactivation 
Comparison of the salicylate curve with that of Anson and Mirsky (1) 
shows that, m spite of a slight difference m form and a great difference m 
the range of concentrations covered (hemoglobm was completely denatured 
by 0 5 M sahcylate) , the two curves have a striking resemblance It seems 
reasonable to infer that the piocess of mactivation by salicylate is largely, 
if perhaps not iihoUj’’, identical mth that of denaturation Thiocyanate, 
it is clear, acts m precisely the same way as salicylate, but, molecule for 
molecule, is less than half as effective Guamdme hj^drochloride gives a 
curve (Fig 2), which m its mitial segment piacticaUy comcides vuth that 
for sahcylate, but at concentiations above 0 55 Ji, at which about one-third 
of the enzyme has been mactivated, guamdme becomes less effective than 
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salicylate Its curve as a whole is accordingly as 3 Tnmetrical The 
Duponol curve (Fig 3) departs still fuithei fiom the salicylate pattern 
Of the four inactivating agents undei consideration Duponol is, moreover, 
incomparably the most effective A concentration as low as 0 0001 m 
( 0 003 per cent) suffices to produce a detectable loss of arginase activity, 
while at 0 00065 m the loss has reached 50 per cent, and at 0 002 93 

per cent This is entirely in consonance with the Icnoivn efficacy of long 
cham alkyl sulfates as protein denatuiants Anson (6), for mstance, found 
that hemoglobin is rapidly denatured by 0 0008 m Duponol PC (a mixture 
of allcyl sulfates mth fiom 12 to 18 carbon atoms) 

Let it be assumed that mactivation by denatuiants is a leversible phe- 
nomenon, that it IS effected eithei by chemical combmation mth or physi- 
cal alteration of the enzyme, and that m either case it can be represented 
by the equation E 4“ wD^ED„, m which E is the enzyme, D is the de- 
natuiant, and n is the numbei of molecules of the latter required to con- 
vert 1 molecule of the foimer mto the inactive foim ED„ Then m the 
usual case, in which specific enzyme concentration (7) is small and combined 
denaturant therefore negligible, the equilibrium state should be described 
by the equation 


D’'=K 

1 tt 

m which a IS the fraction of enzyme in the native or active state, 1 — a is 
accordmgly the fraction inactivated or denatured, D is the total molar 
concentration of the denaturant, and K is a constant In any case to 
which the equation applies, a plot of log [a/(l — «)] agamst log D null be 
a straight line of slope a cutting the axis of log [«/(! — a)] at log K 'l^^len 
n and K aie Imoivn, fi actional inactivation, 1 — a, can be calculated as 
DV(D" + K) 

In the paiticular case of Duponol C, log [a/(l ~ a)] plotted agamst 
log D does actually yield a straight Ime, fiom which only two of the pomts 
show a sensible deviation These two aie the first (1 — a = 0 02), to 
which, since its deteimmation is subject to a vei}'' large percentage erroi, 
little weight need be given, and the last (1 - a = 0 928) The (verj^ 
slightly adjusted) Ime drami through the remammg pomts has a slope of 
3, and mdicates for K a value of 2 63 X 10““ The cuive of Fig 3 is 
draivn m conformity with these values and it will be seen that, up to a 
Duponol concentration of 0 0001 m and a fractional inactivation of 0 8, it 
fits the experimental pomts almost peifectly Except then, foi the high- 
est degrees of mactivation, the data agree mth the postulates upon ivliich 
the general equation is based, and mdicate, these postulates granted, that. 
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at pH 8 4, 3 molecules of sodium dodecyl sidfate are concerned m the de- 
naturation of each molecule (oi each active center) of argmase Whether 
the EDa complex, the existence of which is thus indicated, corresponds m 
any sense to either of the two stoichiometnc albumm-dodecyl sulfate com- 
plexes predicated (at pH 6 8) by Putnam and Neurath (8), it is not possible 
to say At Duponol concentrations of 0 002 and 0 004 m (the latter not 
represented m Fig 3) the effects are less than the theory would predict, but 
it may be pertment to remember in this connection that Duponol C is 
not a perfectly pure product 

With guanidme the graph of log [a/ (1 — a)] agamst log D is a Ime, which, 
although straight for fractional mactivations up to 0 76, becomes thereafter 
deffmtely curved The straight portion of the hne has a slope of almost 
exactly 2 5, the value indicated for K bemg 0 451 The data for thiocya- 
nate and salicylate show the same type of departure from the Duponol pat- 
tern, but m an exaggerated form WTth the former, the straight part of 
the Ime extends only to 1 — a = 0 45, with the latter only to 0 35 In 
each case this straight part has a slope, as with guanidme, of 2 5, while its 
mtercept iiould make K for thiocyanate 2 72, and for salicylate 0 427 
(almost the same as for guanidme) A slope of 2 5, if it has any signifi- 
cance at all here, is probably to be mterpreted as an average and as mdi- 
catmg the existence of more than one type of combmation, and the con- 
sequent establishment of more than one equilibnum, between enzyme and 
denaturant (9) 

With use of the n and K values just specified to calculate fractional m- 
activations, one obtains, for salicylate, thiocyanate, and guanidme hydro- 
chloride respectively, the curves, which, m Figs 1 and 2, beg innin g as 
contmuous Imes, are completed as broken ones In their later seg- 
ments the contmuous Imes are simply drawn through the experimental 
pomts It will be seen that up to the pomt where the contmuous and the 
broken Imes diverge, observ ed and calculated results are m each case m 
entire accord Beyond that pomt, commg earliest with salicylate and 
latest with guanidme, each denaturant shows a greater (not, as with 
Duponol, a smaller) effect than the equation used would predict 

Anson and Mirsky (1) mterpreted their cun’^e m terms of a comphcated 
equilibrium, mvolvmg the reaction of 1 molecule of hemoglobm with a 
considerable number of molecules of salicylate, a reaction resultmg m the 
formation, by successive stages, of a whole senes of hemoglobm-sahcylate 
compounds Our own curves might doubtless be mterpreted m a similar 
sense, but the relations set forth m the precedmg paragraphs prompt us to 
suggest, as a speculative possibility, that m each of the graphs the observed 
loss of activity is really the summation of tuo separate effects The first 
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of these is the reversible denaturation, the second, independent thereof, is 
a directly depressant action of the denaturing salt upon the native and 
still active fraction of the enzyme The first is governed by the equilib- 
rium D" a/(l — a) = K, and is opeiative at all concentrations of the 
denaturant, the second comes into play only at concentrations above a 
certam rather high level The first is lepiesented in Figs 1 and 2 by the 
curves which teimmate as bioken lines, the second by the intervals be- 
tween the broken Imes and the contmuous ones With Duponol concentra- 
tions remam throughout so low that the second effect nevei makes an 
appearance 

For the actual existence of the postulated double mechanism we have 
no direct evidence It is well Icnown, however, that unduly concentrated 
media are m general unfavorable to the action of enzymes We have found 
a pertment example m the action upon arginase of NaCl, ivith wluch de- 
naturation is not a factor Applied undei the same conditions as the de- 
natuiants, NaCl had little effect upon aigmase activity m concentrations 
up to 1 67 M, but reduced it by half when the concentration was raised to 
3 34 M 

Even if the hypothesis here advanced is correct, the mdicated K values 
cannot, for reasons already discussed, be regarded as other than rough 
approximations to the true equilibrium constants Such as they are, how- 
ever, they would suffice to mdicate that the affinities of salicylate and guani- 
dme hydrochloride for aigmase are about equal, while that of thiocyanate 
is considerably less, and that of sodium dodecyl sulfate out of all compaii- 
son greater 


SUmiARY 

The enzyme aigmase is mactivated by each of the protem denaturants, 
sodium salicylate, potassium thiocyanate, guanidme hydrochloiide, and 
sodium dodecyl sulfate (Duponol C) Of these four, thiocyanate is the 
least, and Duponol C incomparably the most effective In all cases the 
curve relatmg fractional mactivation to concentiation of denaturant is S- 
shaped, resemblmg more or less closely the cuive relatmg salicylate con- 
centration to percentage denaturation of hemoglobm (Anson and Mirsky) 
The cuives for salicylate and thiocyanate are symmetrical, the others show 
different degrees of asjmmetiy AVith Duponol C, the lesults can be m- 
terpreted to mdicate that the sole factor depressmg activity is denaturation, 
and that this mvolves the mteraction of 3 molecules of dodecyl sulfate with 
1 of the enzyme With the other thiee denaturants, the situation cannot 
bo formulated so simply, and certam of its features suggest that the effects 
of denaturation may here be supplemented by a directly depressant effect 
of the denaturmg salt upon the imdenatuied fraction of the enz 3 'me 



A HUKTEH AKD C E DOWKS 


39 


BIBIiIOGRAPHT 

1 Anson, M L , and Mirsky, A E , J Gen Physiol , 17, 399 (1933-34) 

2 Hunter, A , and Dotvna, C E , J" Biol Chem , 167, 427 (1945) 

3 Hunter, A , and Downs, C E , J Biol Chem , 165, 173 (1944) 

4 Van Sljke, D D , / Biol Chem , 73, 695 (1927) 

5 Anson, M L , in Schmidt, C L A , The chenustri of the ammo acids and 

proteins, Spnngfield, 2nd edition, 420 (1945) 

6 Anson, ML,/ Gen Physiol , 23, 239 (1939) 

7 Straus, 0 H , and Goldstein, A , J Gen Physiol , 26, 559 (1943) 

8 Putnam, F W , and Neurath, H , J Biol Chem , 169, 195 (1945) 

9 Johnson, J H., Ej'nng, H., Steblay, R , Chaplin, H , Huber, H , and Gherardi, 

G , / Gen Physiol , 28, 463 (1945) 




THE FLUOROPHOTOMETRIC DETERMINATION OF’ 
URANIUM IN BIOLOGICAL MATERIAL* 

By W F NEUMAN, R W FLEMING, A B CARLSON, and N GLO^^ER 

(From ihe Division of Pharmacohgy and Toxicology, Department of Radiology, 
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For a comprehensive study of the excretion and distnbution of uranium 
m animals, a sensitive and accurate analytical procedure for the determma- 
tion of uramum m biological matenal was necessary Among the existmg 
methods were a permanganate titration (1), a magneto-optic procedure 
(2), a radioactivity method (3), and the fluorescent techmque of Hoffmann 
(4) 

The fluorescent method was chosen for further study because it offered 
three advantages specificity, sensitivity, and economy of eqmpment In 
addition, Bloor’s' mvestigations had mdicated that the accuracy of the 
fluorescent techmques of Hoffmann (4) could be improved 

Bnefly, Bloor’s procedure was as follows The uranium sample was fused 
with sodium fluonde m a platmum dish, the fusion illuminated with ultra- 
violet light, and the mtensity of fluorescence detenmned by measurmg the 
depth of a methylene blue solution required (Duboscq colorimeter) to ab- 
sorb the emitted light Smce the sample was compared mth a blank 
m total darkness, it was necessary that the mvestigator’s eyes be dark- 
adapted 

To facilitate the measurement of fluorescent intensities and to mcrease 
the accuracy of the measurement, a fiuorophotometer was constructed 
This instrument permitted the accurate analysis of quantities of uranium 
as low as 0 0005 y However, the presence of even small amounts of 
extraneous morganic matenal w as found to give erroneous results, usually 
by quenching the fluorescence (5) Therefore, it became necessary to de- 
vise a procedure for the isolation of uramum to make the method applic- 
able to biological specimens 

The affinity of protem for uramum, even at its isoelectnc pomt, served 
as the basis of the isolation procedure developed In conjunction with 
electrolysis for the removal of heaY^y elements other than uranium, the 
isolation procedure permitted the accurate analysis of uramum in concen- 
trations less than 1 part per milhon of fresh tissue by fluorophotometry 

* This paper is based on n ork performed under contract No W-7401-Eng-49 for 
the Manhattan Project at the Um\ ersity of Rochester 
1 Bloor, W R , impublished results 
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EXPERIMENTAL 

Fluoromelry 

Fluoro'phoiom.etcr — ^Recently, while this report was in prepaiation, a le- 
poit appeared (6) describing an apparatus similar in many lespects to that 
piesented heie The instrument and proceduie (6), however, lack the 
sensitivity and precision required for biological study 

Sample Holder — ^Bloor’s technique^ of fusing the uranium-sodium fluonde 
flux m platinum foils was adopted The sample cup was made of 0 13 
mm (0 005 inch) platinum foil, 20 by 24 mm , having a circular indenta- 
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TOP SIDE 
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KNOB 

/ 

^ ^ 


SPRING STOP 
NOTCHES 




SAMPLE HOLDER 

Fig 1 Perspective drawings of the platinum fusion cup and sliding brass sample 
holder 

tion 11 mm in diameter and appioximately 1 5 mm deep at the centei, as 
indicated in Fig 1 In the fluorophotometer, the foils neie brought into 
leading position by means of a sliding brass bai (Fig 1) which accommo- 
dated five samples and was equipped with a spring stop mechanism to 
facilitate centeiing of the specimens 
Illuimnahon Several types of ultraviolet sources were tested General 
Electric bulb BH4, Mineralight model V41, a mercury aic, and others All 
of these activated the uianium-sodium fluoride flux toabright, yellow-gieen 
fluoiescence, indicating that the wave-length of the ultraviolet ladiation 
nas not ciitical For the fluoiophotometer, the Conti-Glo lamp (Conti- 
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Rental lathograph Company, Cleveland) equipped with a clear glass bulb 
(General Electric, AH4) was the most satisfactory To mimnuze varia- 
tions m radiation output, the lamp was supplied with a constant voltage 
transformer (Sola, model 30808) Cormng Filter 5874 (heat-resistant) and 
several thicknesses of Filter 9863 were interposed between the lamp and 
sample holder to remove visible radiation A cooling system, a fan or water 
jacket, removed the heat generated by this lamp 
Photometer — ^The vave-length of the emitted fluoiescent light has been 
reported (5) to be pnncipally 555 m[i To isolate this wave-length. Com- 
ing Filters3484 and 9780 were placed aboim the illurmnated sample Above 
these filters was fixed a hght-tight box housing the phototube, as mdicated 
in Fig 2 The current of the phototube, after amphfication, operated a 



Fig 2 Section drawing of the fluorescence chamber For details, refer to the text 

galvanometer The winng diagram of the amplifier is given in Fig 3 
It IS a slight modification of a standard d c amplifier circuit (7) By the 
use of three separate grid resistors of different resistances and an optional 
galvanometer shunt, the analytical range could be vaned 1000-fold Smce 
the phototube currents were very small, the stability was impioved by 
keeping the connections to the control grid of the amplifier tube as short 
as possible Accordingly, the amplifying tube and gnd resistois ueie 
mounted m the phototube housing It was necessary to keep a fresh sup- 
ply of silica gel m the chamber to avoid mstabihty caused by humidity 
In operation, the circuit was adjusted to give a 0 6 volt drop across the 
filament and a plate current of 100 microamperes 
Procedure — ^Because of the small amounts of material taken for analysis. 
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all samples weie piepaied m solution foim, adjusted to a lange in con- 
centration of uianium fiom 0 01 to 20 y per ml To prevent the adsoip- 
tion of the small quantities of uranium on the walls of vessels, etc , the 
solutions were made at least 0 1 n with respect to fiee nitric acid 

A 0 1 ml aliquot of the solution to be analyzed was pipetted into a 
platinum cup The cup was placed on an asbestos boaid and the contents 
evapoxated to dryness on an electiic hot-plate If oiganic matenal was 
piesent, the tempeiature was laised until charring took place The as- 
bestos boaid and cup weie then removed and allowed to cool Appioxi- 





Fig 3 Wiring diagram of amplifier circuit Tx, No 1LN5, T*, No 929, base re- 
moved, B\, 24 volt storage batter^'-, B 2 , 22 5 volt B battery, Si, single pole, single 
throw toggle switch, S^, special switch, 200 microampere meter, Jlfj, galvanom- 
eter, 6 microamperes full scale, P, 60 ohms, P 2 , 200 ohms, Pj, 10,000 ohms, P«, 
1000 ohms (w ire-wound), P,, 100,000 megaohms, Pj, 10,000 megaohms, P3, 1000 mega- 
ohms, Pi, 200 ohms, Pb, 82 ohms, Pe, 5 6 ohms, P7, 1000 ohms, Pa, 220 ohms 

mately SO mg of sodium fluoride (Baker and Adamson, reagent grade) 
weie added to the cup and the sample twice fused and read in the fluoro- 
photometei 

Fusion The reading given by a Imoxvn quantity of uranium was rela- 
tively unaffected by some variation in the amount of sodium fluoiide em- 
ployed vliich made it convenient to measure the fluoride by means of a 
small scoop vhich delivered 80 dh 20 mg This quantity gave best results 
vitli the size of the platinum cup previously desczibed Two samples 
were fused simultaneously bj’’ placing them side by side on a nichiome 
mre rack above a Mekcr burner 
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The use of a large diameter pipe (1 5 mch) connected directly to the gas 
mam, or to a constant pressure head, obviated changes in the gas pressure, 
which insured an e\ en fusion temperature 
Reading — ^All samples were analyzed in quadruphcate A convement 
set would, for example, consist of 

1 blank X 4 = 4 

3 standards X 4 = 12 
20 samples X 4 = 80 

96 fusion cups 

Such a test took one operator 6 to 7 hours orking time 
Before a senes of readmgs, the fluorophotometer was given about 4 hour 
to reach thermal equilibnum By adjustment of the zero controls, the 
galvanometer was set to give a readmg of 10 for the first blank This 
blank was kept in the sample holder and used as a reference pomt for the 
readmg of all subsequent samples 

Contamination Control — To analyze exdremely small quantities of ura- 
nium, it was necessary to exercise a ngorous control over operating con- 
ditions No dry uranium compounds were permitted m the analytical 
room All glassware for quantitative use was left overnight in cleanmg 
solution and, immediately before use, rinsed thoroughly in 1 per cent nitnc 
acid foUoned with distilled water The platinum cups nere boiled m 1 
per cent nitnc acid and rmsed several times mth distilled water, reshaped, 
and kept under distilled water until ready for use Immediately before 
the samples nere to be analyzed, the cups were again boiled with dilute 
mtnc acid and rmsed several times with distilled water Extreme care was 
exercised dunng the penod m which samples were pipetted, dned, and 
fused 

Results — A Imear relationship between galvanometer deflection and the 
quantity of uranium present was observed throughout the analjdical range 
(0 001 to 3 0 t) 

Analysis of Pure Solutions of TJranyl Nitrate — ^To obtam a statistical 
analysis of the accuracy of the method, a senes of unfcnoivns was prepared 
by a dismterested person and analyzed m the routme manner The results 
of this study are presented in Table I 
It was shown that the absolute error of the method increased with m- 
creasmg quantities of uranium, givmg a fairly consistent per cent error 
Because of this fact, and because of convenience of the term “per cent 
error,” the standard deviation was calculated as a percentage The results 
of the statistical analysis of the data m Table I are presented m Table II 
It can be seen from Table II that the standard error of the fluorophoto- 
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met! 1 C method, Math puie solutions of uianium, is less than 3 per cent 
Of tu^enty-seven samples analyzed, the largest error obseived ivas 10 per 
cent 

Analysis of Tissue Specimens — Poor lecoveiies were observed when 
known quantities of uranium ivere placed in poicelam crucibles Accoid- 
mgly, platinum naie was employed All tissue specimens m ere dry-ashed 
m a muffle furnace at tempeiatuies not exceeding 750° At lower tempeia- 
tures, ashing was incomplete, at higher tempeiatures, the ash of some tissues 
(urine especially) tended to crawl out of the crucibles 
The ash of all tissues reduced the intensity of the fluorescence of uianium 
Tj^pical of the results obtained are the data presented in Table III m which 

Table I 


Results of Fluoropholometnc Analysts of XJranyl Nitrale Solutions 


Contained 

Found 

Contained 

Found 

7 

imimmuii 

7 


0 228 




0 228 


0 040 


0 228 

0 229 



0 228 

0 225 



0 170 

0 170 


0 023 

0 170 

0 174 


0 023 

0 170 

0 175 



0 170 

0 170 



0 160 

0 159 



0 160 

0 152 



0 160 

0 163 



0 080 

0 083 

0 010 


0 080 

0 078 

0 000 


0 080 

0 077 

0 000 


0 OSO 

0 079 

0 000 



fluoiescence ivas i educed approximately 20 per cent by miciogram quanti- 
ties of eithei bone ash oi ferric iron 

'V\fflen applied to the analysis of biological samples, a 17 per cent in- 
hibition Mas obseived Mhen the concentiation of uianium m bone ash M^as 
2 pails pci thousand Obviously, to deteimine uianium in lower concen- 
tiations (1 p p m ), some method foi the isolation of uianium M'^as neces- 
sary 

Isolation of Uranium fiom Biological Matenal 

The obseivations of Dounce* that uranium forms a stable complex with 
proteins sen’^ed as the basis for furthei expeiimentation, which led to the 
deielopment of the isolation procedure desciibcd below, 

- Dounce, A L , unpublished results 
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Procedure — The tissue ash "was dissolved lu a minimum of 2 N hydro- 
chlonc acid and an ahquot contaming 50 to 100 mg of ash transferred to a 
centrifuge tube graduated at 10 and 30 ml 2 drops of brom-cresol green 
indicator were added and the solution neutrahzed to pH 4 5 (green color) 
with 1 N sodium hydroxide 3 ml of 1 n sodium acetate-acetic acid buffer 
(pH 4 5) and then a solution contammg 100 mg of one of the protein 
preparations described below were added The resultant solution was 
diluted to 30 ml and, after thorough tmxmg, the tube was immersed m a 
hot water bath at 80° for 45 mmutes The coagulum which formed was 
separated by centrifugation, washed once with fresh 0 1 n acetate buffer 

Table II 


Sialtshcal Analysis of Accuracy of Fluorophoiomelnc Method 


Ko of samples 

Concentration ranee p pjn 

Coeffiaent of correlation 

27 

1 0 1-2 9 

0 999 


per ctni 

Eaage of recoi erj 

92-110 

Meanreco\erj 

101 

Standard deviation : 

3 9 

“ error j 

2 6 


Table III 

InhtbtHop. of Urantum Fluorescence 


Bone ash, 0J2 7 IT per sample 

Feme cblonde 0 1 7 TJ per sample 

Added 

Inhibition 

Added 1 

Inhibition 

7 

per cent 

7 

fer uni 

0 0 

0 

0 0 

0 

0 1 

0 

0 4 

5 

1 0 

5 

0 8 

12 

10 0 

11 

4 0 

25 

100 0 

17 




(pH 4 5), and again centrifuged The washed precipitate i\ as dissoh ed m 
concentrated mtnc acid and made up to a volume of 10 ml 0 1 ml ah- 
quots weie then taken for fluorophotometnc analysis “Blank” deter- 
minations nere earned through the procedure with each set of samples as 
a check agamst contanunation of reagents 
Effect of Protein Concentration— hx the prehnunarj’’ studies, ciystalhne 
egg albumin v as employed Because of the expense and trouble mi oh ed 
m its preparation, the crjstalhne protein was discarded in faior of com- 
mercial egg albumm, precipitated twice isath ammomum sulfate, and di- 
alyzed free of salt Later, it was found that a preparation of boime al- 
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DETERMINATION OF URANIUM 


bumiR (Fraction V from bovine plasma, Armour Laboratones, Chicago) 
could be used diiectly without preliminary purification or manipulation 
In Table IV are piesented the lesults of two expeiiments designed to 
determine the effect of varymg quantities of piotein on the recoveiy of 


Table IV 


Effect of Varying Protein Concentration on Recovery of 10 y of Uranium 


Concentratioa of protein 

Recoveiy 

Test I 

Test 2 

mg per ml 

1 

ptr ctnl \ 

per cent 

0 63 

62 

64 

0 85 

72 

78 

1 25 

86 

83 

1 58 

88 

93 

1 88 

91 

92 

2 00 

89 


2 50 1 

94 

104 

3 00 

102 

100 


s 

2 



PH OF ACETATE BUFFER 

Fig 4 Effect of pH on the precipitation of the uranium-protein complex 

uianium It is evident that, with tlie volumes employed, the piotem 
conceiitiation should be in excess of 2 5 nig pei ml 
Effect of pH Below pH 4 0 and above pH 5 0 it is difficult to obtain the 
complete coagulation of the piotem which is essential foi good lecovenes 
of uianium In Fig 4 aie piesented the lesults of studies designed to 
deteimine the optimal pH for lecoveiy of uranium These data indicate 
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that pH 4 5 IS optimal, but a change of ± 0 2 pH unit does not senously 
reduce the recovery 

Soluhhiy of Ash—Bone ash was assumed to be the least soluble ash 
encountered m biological matenal Accordmgly, “solubility^'’ expenments 
were conducted to determine the maximum quantity of bone ash soluble 
m acetate buffer at pH 4 5 This was found to be approximately 4 0 mg 
per ml Hov ever, as is indicated m Table V, heatmg, which was necessary 
to coagulate the protein, reduced the “solubihty” to 3 3 mg per ml Smce 
a volume of 30 ml vas customanly used, the maximum quantity of ash 
taken for analysis was 100 mg 

Efficiency of Isolation — An expeiiment was conducted to determme how 
completely uianium vas separated fiom tissue ash and to determme how 
much tissue ash carried thiough the isolation The standard procedure 


Table V 

Effect of Temperalnre on Soluhihty of Bone Salt 
— denotes complete "solubility," + denotes precipitation 


Tune 

Temperatuie 

CoQceotratjOQ of bone sdit 

3 J mg per ml 

3.5 mg per ml 



min 

•C 1 





0 

55 

— 

— 

— 


18 

60 

- 

_ 

— 


22 

65 

1 

— 

— 


28 

70 


- 

- 

_ 

36 

76 


- 

- 

-h 

43 

SO 


-f- 

+ 

4* 

-73 

90 

i + 

+ 

++ 

-h-i-f 


Mas applied to two solutions of pure uranyl mtrate (10 7 ) and to six solu- 
tions to which 100 mg of bone ash had been added The ash content of 
the lesulting washed protein precipitates was determined In the ex- 
penmental samples, containing 100 mg of bone ash, 4 4, 4 1, 4 4, 3 9, 
4 0, and 3 7 mg (ax erage 4 1 mg ) of ash were found, and in the control 
samples, contaimng no bone ash, 5 4 and 5 6 mg (ax erage 5 5) These 
results indicated that the ash content of the uranium-protem complex is 
less m the piesence of bone salt than m its absence This seemmgly para- 
doxical result IS best ex-plained bj'' the fact that, in the presence of bone 
ash, the piotein coagulum is more dense and occupies a smaller x olume 
than xvhen salt is absent (familiar phenomenon of the saltmg-out of pro- 
teins) Consequentlj^ a smaller x'olume of wash solution contammg S 
mg perm* of sodium acetate xx as retamed b 5 ’^ the protein coagulum when 
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bone salt was present Under the circumstances, it seems likely that very 
little, if any, bone ash carries through the isolation pioceduie 


Table VI 

Residls Obtained with Piotein Isolation 



1 

Bone samples 

Pure solutions 

Soft tissues 

No of samples 

16 

16 

28 

Concentration range, p p m 

1-1000 

0 01-10 

0 5-50 


per cent 

per cent 

per cent 

Mean recovery 

96 

92 

90 

Standard deviation 

9 1 

7 0 

58 

Range of recovery 

70-104 

1 77-102 

1 83-105 


Table VII 


Recoveries of Uranium fiom Liver, Spleen, and Blood Both by Electrolysis and by 

Plot cm Isolation 


No of samples 

ConcentraUon range, ppm 

17 

2-2S 

i 

Mean recovery 

per cent 

92 5 

Standard deviation 

7 1 

Range of recovery 

75-103 


Table VIII 


Over- All Summaiy of Analytical Residls 



Pure solutions 

Tissues 

No of samples 

16 

61 

Concentration range, p P m i 

0 01-10 

0 5-1000 


per cent 

per cent 

Mean recovery 

92 0 

92 3 

Standard deviation 

7 0 

7 0 

Range of recoven 

70-102 

1 

70-105 

1 


Results — The lesults obtained fiom the analysis of pine solutions of 
uranium and of samples of bone and soft tissue® to which known quantities 
of uianium were added are presented in Table VI 
Not included m Table VI aie the results obtained with liver, blood, and 

= The follow ing tissues w ere taken kidney, bladder, genitals, heai t, lung, stomach 
and contents intestines, leg muscle, and skin and hair 
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spleen, from which recovenes as low as 38 per cent were observed This 
difficulty vas overcome by eIectrol 5 ’- 2 mg such samples m a small mercuiy 
cathode cell prior to isolation of the uranium by the piotein method 
To the HCl-ash solution, perchloiic acid was added to give a final con- 
centration of 3 per cent and current (10 volts, d c ) passed through for 
1 hour The electrolyzed solutions were then subjected to the isolation 
procedure descnbed above 

With the electrolysis, good lecoveries were obtained from liver, spleen, 
and blood, as mdicated in Table VII 
The over-all average lecovenes are piesented m Table VIII It is 
clearly evident from these data that uramum can be recovered from tissue 
equally well as from distilled water Although the lecoveries were not 
stnctty quantitative (92 per cent), they nere consistent (standard devia- 
tion, 7 per cent) and mthin the accepted limits of biological vanation 

DISCUSSION 

The fluorophotometric method for the detemnnation of uiamum offers 
extraordinary specificity, sensitivity, and, for the quantities analyzed, 
unusual accuracy The ultimate limit of sensitivity has not been deter- 
nuned If higher value grid resistore are employed, the fluorophotometer 
can be adjusted so that uranium can be detected m even smaller quantities 
than reported above In our expenence, slight impunties m the best 
grade of reagent sodium fluonde set a lower detection hmit of 0 0005 7 
of uranium per fusion cup Translated in terms of tissue, this is equivalent 
to 0 005 7 per gm of fresh, soft tissue 
The use of organic reagents in microanalytical procedures is gaining in 
populanty Proteins, however, represent a group of organic reagents 
rarely employed The pomt of interest in this particular application is 
the fact that the combination with uranium is practically quantitative at 
the isoelectnc point Good evidence* has been obtained that it is a direct 
combination with protein and not the usually observed coprecipitation 
phenomenon Smce, at the isoelectric pomt, electrovalent combinations 
inth both cations and anions are minimal, it is probable that the uranium- 
protein complex which forms is a covalent t 3 q)e of combination It is 
possible that the technique employed m the development of the isolation 
procedure may be applied to (a) the isolation of othei metals and ( 6 ) the 
evaluation of the type of linkage beta een protem and various 10 ns 

SUMMART 

With a piotein isolation, and with electrolj’sis vhen necessaiy, uramum 
can be quantitativelj’- detemuned fluorophotometncallj’’ m tissue samples 
in concentrations as low as 0 005 7 per gm of soft tissue 
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THE RELEASE OF THE SULFUR FROM THE TISSUES OF 
RATS FED LABELED AIETHIONINE* 
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Since the pioneer investigations of Schoenheuner and coworkers with 
both ammonia labeled with heavy mtrogen and ammo acids labeled with 
either deutenum or mtrogen, it has been evident that the ammo acid 
components of many of the tissue protems readily mterchange with the 
free ammo acids of the protoplasm However, not all tissue protems be- 
have similarly mth regard to the uptake and release of labeled ammo 
acids Some tissues such as mtestmal mucosa and kidney are particularly 
active in this respect Other tissues such as bram and muscle are much 
less active It therefore becomes necessary to mvestigate this phenome 
non m detad m order to gam some insight into the factors nhich control 
the rates of mcorporation and release of the ammo acids m the protem of 
different tissues and of the mdividual protems of any one tissue 
Such studies have already been mitiated m a number of laboratones In 
1944 Shemm and Rittenberg (1) reported on the results of an mvestigation 
mto the release of glycme labeled with heavy mtrogen from the tissue 
proteins of rats The most unportant findmg m this work was that the 
mtrogen once “fixed” mto the animals’ tissues was but slowly released 
mto the unne There occurred m the animals an equihbration of the m- 
trogen so that all products approached an “average isotope concentration ” 
In studies of a more restncted nature, the behavior of the antibody pro 
terns has been followed with glycme and tyrosme labeled with heavy 
mtrogen (2) Thus it was observed that the behavior of the antibody m 
passive and active unmumty is entirely different from a metabohc pomt 
of view The behavior of plasma protem labeled with heavy mtrogen m 
the £ group of lysme has been followed by feedmg large doses of labeled 
lysme to a donor dog and then mjectmg the plasma from the donor ammal 
mto recipients (3) , 

The work reported here is of a nature similar to that of Shemm and 
Rittenberg Methionme labeled with radioactive sulfur was fed to rats, 

* Aided by a grant from the Research Board of the Universitj of Califorma, and 
from the Amencan Cancer Society on the recommendation of the Committee on 
Gron th of the National Research Council 

t Present address, Department of Home Economics, Umversitj of Califorma, 
Davis 
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and the tissues were examined after various mtervals for the presence of 
the label in the protem fraction Fiom the results obtained, there is 
evident the same tendency for the isotope concentration to approach an 
appi oximately constant level, mth a small loss into the urme Conse- 
quently, the appioach to an “aveiage isotope concentration” observed 
by Shemm and Rittenbeig is not due to any special propensity of nitrogen 
to be remcoipoiated mto carbon lesidues, but is a more general phenome- 
non concerned vuth the metabohsm of protein 

Methods 

Experimental Animals — The expeiiments were done on a senes of thirty- 
four rats divided mto six groups The ammals were imxed male and 
female, 3 or 4 months old, but of vndely varymg weights (175 to 389 gm ) 


Table I 

Suviinanj of Experimental Data 



Group 1 

Group 2 

1 

1 Group 3 

1 

Group 4 i 

i 

Group 5 

Group 6 

No of rats 

9 

9 

1 

4 

1 

5 

4 

3 

Duration of experiment, 



i 




days 

1 

14 

2 

10 2 

4 

7 

Methiomne fed, mg 

1 34 

1 34 

2 68 

2 68 

3 35 

3 35 

“ “ counts per 







min 

5,770 

5,770 


11,500 

14,400 

14,400 

No of washes* 

^ 1 

2 i 

4 

3 

3 

3 


* Trichloroacetic acid n ashes of rat proteins 


They were fed a standard diet^ foi a period of 7 days before the experi- 
ments and duiing the whole tune weie mamtained at 22-23° 

Treatment of Ammals — The animals weie fed methionme labeled with 
radioactive sulfur (4) by stomach tube in the amounts mdicated m Table 
I, dissolved in 1 ml of water After the number of days indicated (Table 
I) the animals were killed by withdrawing blood fiom the heart mto oxa- 
late Tins was done under ether or nembutal, neither of which appeared 
to affect the lesults 

Preparation of Samples — ^Eithei the tissues were removed fiom the 
animals immediately and mmced oi homogemzed m a Waring blender 

1 The diet had the following composition casein 150 gm , fat 140 gm , salt mixture 
55 gm , sugar 655 gm , cod liver oil 20 ml , nheat germ oil 12 ml , choline chloride 0 5 
gm , thiamine 3 mg , riboflavun 4 mg , pj'ridoxine 3 mg , calcium pantothenate 30 mg , 
nicotinamide 10 mg , inositol 200 mg , p-aminobcnzoic acid 5 mg The salt mixture 
IS that of hIcCollum and Davis as modihed by Tufts and Greenberg (J Biol Chem , 
122, 693 (1937-193S) (Mixture 3)) 
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or the •whole animal was frozen in a dry ice-acetone xmxture and kept in 
the refngerator until dealt "with (not more than 2 days) The tissue 
preparations n ere precipitated mth tnchloroacetic acid and -washed several 
times -with the same acid (Table I) 

The protein precipitates -were digested mth the Pine (5) reagent and 
detemunation of total sulfur and radioactivity -was made as descnbed m 
a previous pubhcation (6) In Groups 1 and 2 the liver protein was di- 
nded mto equal portions, one of which was used for the detemunation 
of the total sulfur of the matenal, and the other nas subjected to the dif- 
ferential ovidation procedure of E\ans (7) This results m the oxidation 
of the cystme to sulfate but leaves the methiomne unaffected The sulfate 
was precipitated mth benzidine after remoiong the mtnc acid, and the 
sulfur and radioactivity detemuned Methionme in the filtrate from the 
benzidme sulfate n as O'ndized mth the Pme reagent and sulfur and radio- 
activity detenmnations were agam made No great accuracy can be 
claimed for this method because of difficulty encountered m determinmg 
the end-pomt m titratmg the benzidme sulfate from the cystme oxidation 
There was contamination mth a yellow color vhich made an exact de- 
termmation of the salmon end-pomt very difficult m some instances Also 
the presence of excess benzidme made the determination of methionme 
more difficult In some instances sulfur was lost by igmtion of the per- 
chloric acid digests 

Total sulfur was detemuned m urme and feces samples by the same 
methods 

Some detemunations of radioactmty i\ ere made on the tnchloroacetic 
acid washes These washes contamed significant amounts of protem 
which were lost by decantation from the precipitates, and the results 
only served to mdicate that the washes contamed relatively httle radio- 
active matenal m the group of animals sacrificed after 14 days from the 
time the methionme v as fed 

Expression of Results — In a prenous paper (6) we endeavored to compare 
the radioactmties in the sulfur fraction of animals of different weights 
fed different amounts of methionme by means of a formula givmg a umt 
termed the standard replacement (S R ) This v as evolved from an 
earher umt, per cent replacement (relative actmty) Standard replace- 
ment was defined as follows 

SR- S A ot sample X 10’ X W 
S A of methionme X C 

vhere IF — weight of the animal m kilos The specific actmty (S A ) of 
a sample is the radioactmty (in counts per mmute) of the samp’e per mil- 
heqmvalent of sulfur, and specific actmty of methionme is the radio- 



Methionine 

Orally 



Time in Days 

Fig 1 Rate of decrease in concentration of radioactive sulfur in the proteins of 
rat tissues labeled by feeding methionine containing radioactive sulfur O intestinal 
mucosa, □ plasma, X Kidney, O liver, A spleen, ® brain, A residue (skin, hair, 
muscle) 



Time in Days 

Fig 2 Rate of decrease in concentration of radioactive sulfur in cystine, meth- 
ionine, and in the total sulfur of rat liver proteins labeled by feeding methionine con- 
taining radioactive sulfur, and per cent of the dose excreted in urine and feces The 
units on the ordinate are either standard specific activity (referring to the liver 
curves) or per cent (referring to the urine and feces e\cieted) O liver methionine, 
A liver total sulfur, □ liver cystine The upper section of cross-hatching repre- 
sents feces, the loner urine 
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activity in tlie methionine admmistered (C) per milliequivalent When 
this formula is used, it is assumed that the specific activity of any given 
sample is proportional to C^, and inversely proportional to the weight of 
the methionine m the dose and of the weight of the animal But the 
treatment of the experimental data implied, and the doses of methiomne 
used were such, that the specific activity of any sample was mdependent 
of the dose of methionme given The methionine was a tracer dose Also 
the specific activity of anj' sample is proportional to C, not to Con- 
sequently, it is necessary to abandon this method of expression and adopt 
one which will be referred to as standard specific aclimly (S S A ), where 

„ _ , S A of sample X 10* X 
S s A = ^ 

When this method of calculation is used, the results obtamed with dif- 
ferent species are brought mto hne ® 

Results 

The main results are shown in Fip 1 and 2 The results for the unne 
sulfur given m Fig 2 are from the 1st day’s urine of the rats of Groups 1 
and 2 All other figures for unne excretion are from Group 2 only Ex- 
cretion of sulfur m the feces, shown in Fig 2, is from the rats m Group 2 
only 

Results for unne and feces are expressed as per cent of the dose fed 
All other results are m terms of standard specific actmty 

The amount of radioactivity used in these experiments was much lower 
than that necessary to obtain accurate results, particularly for the less 
active tissues For some tissues such as spleen it was necessary to com- 
bme samples from several rats in order to get sigmficant values for the radio- 
activity Determinations on the residues were performed m duphcate, 
but the radioactivities observed were so low that at times the agreement 
between the duplicate results was very poor Had the necessary amounts 
of radioactivity been available, it would have been preferable to use 10 
or more tunes as many counts per rat 

DISCUSSION 

It IS seen from the results that the radioactivity m the residues of the 
rats stayed constant within the error of the determmations These resi- 
dues consisted of muscle, skm, hair, and bone, together inth the r emainin g 

• The work (6, 9) m which the erroneous expression was used, involved onlj meth- 
ionine of the same specific activity, so the results are quite comparable within them- 
selves and can be corrected if desired by multiplying by a factor (S A of methiomne 
X i0-« = 2 23) 
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blood, and actually most of the radioactivity retained by the animals 
IS present here Therefore the specific activity of the residues is approxi- 
mately the same as that of the average isotope concentration of the whole 
animal Accoidmg to Shemin and Rittenbeig, the isotope concentration 
m every tissue protem should approach this value with time, from either 
direction This assumes that the isotope in all tissues is in equilibrium 
with that m all others However, the isotope once fixed m hair and skin 
ceases to be in equihbiium with that m the rest of the organism. Con- 
sequently, it may be considered that the isotope enteimg these tissues 
IS lost m the same way as is isotope excieted into the urine Therefore, 
because the isotope undoubtedly went into the haii (8), there must be so 
much less isotope capable of bemg exchanged with other tissues There 
IS no true constant average isotope concentration, but a steadily fallmg 
one On this account no certain deductions can be made about the half 
life of any given tissue protem by using an average isotope concentration 
as reference Such comparisons are of undoubted value but not as meas- 
ures of true rates 

In the present experiments there is an additional difficulty m mterpret- 
mg the rates This is due to the conversion of methionme to cystme 
As IS shown m Fig 2, the late of fall of isotope concentration m the meth- 
ionine of the hver piotein is considerably greater than the rate of fall 
determined on the basis of total sulfur The rate of fall of isotope con- 
centration for cystme is correspondmgly low Previous studies have 
shown the conversion of methionine to cystme m tissues other than the 
liver (9), therefore similar situations must prevail elsewhere even if the 
cystme is not distributed to any great extent via the circulation How- 
ever, for comparative purposes between animals under different conditions, 
this piobably does not seriously detract from the usefulness of such de- 
terminations 

The approach of the isotopic concentiation m all tissues to an approxi- 
mately constant value and the slow loss of isotope mto the urine is estab- 
lished by both these results and those of Shemin and Rittenberg We 
fail to see ivhere the results aie %n disagreement with the concept of endogenous 
metabolism as foi mulated by Folin (^10) There is a slow net breakdown of 
tissue protein which is indicated in the isotope experiments by a loss of 
either or mto the urine, just as in the data basic to the Folm theory 
there is a sIoav net breakdoivn of tissue protein indicated by a loss of creat- 
inine and neutral sulfur into the mine Indeed, isotope experiments can 
perhaps provide a direct measuie of the endogenous protem metabolism, 
whereas the creatinme is only an indirect mdex of the same 

The term endogenous metabolism therefoie remams useful as a descnp- 
tion of the net results of the metabolism of protem and related substances 
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This type of metabolism proceeds slowly, and it is quite obvious that it 
IS impossible to explain the rapid uptake of isotopic ammo acid by the 
proteins of tissues such as mtestinal mucosa by the operation of tbs slow 
process The Folm deductions concerning protem bieakdoira within the 
organism are proved to be untenable by the isotope experiments 

The processes which result m the formation and breakdown of protems 
inthin the organism and which must be responsible for the lapid uptake 
of ammo acids have been referred to by Borsook and Keighley (11) as 
"continuing metabohsm ” Owing to the existence of tbs form of metabo- 
lism, isotopic amino acid is rapidly mcorporated into the protein of many 
tissues The continumg metabolism of such tissues is high, whereas that 
of certam other tissues, such as muscle, is low' 

Following the incorporation of the ammo acid mto the rapidly metaboliz- 
mg tissue protems, there is a slow'er exchange of the armno acid m these 
protems with the same ammo acid in the tissue protems of those tissues 
with low rates of contmumg metabohsm In tbs process there is httle 
loss of the ammo acid or the products of its catabolism mto the unne 
Endogenous catabolism is slow' 

Compared with the liver protem, the data show that the concentiation 
of isotope 1 day after feedmg metbonme is greater m the plasma than 
m the liver But the major pait of the plasma protem is formed in the 
hver (9), consequently the liver must have formed plasma protem and 
passed it mto the circulation faster than it formed its oivn cellular protem 
The hvers were not perfused, so that the true difference m concentration 
must have been greater than those actually observed Later it is seen 
that the situation is reversed Tbs must be due to loss of isotope from 
plasma protein mto other tissues mcludmg the liver and mto the urme as 
products of catabolism Plasma protems probably mediate the equilibra- 
tion or mterchange of ammo acids betw'een the protems of tissues If 
they w'ere interchanged only though the mediation of the free ammo 
acid of the plasma, then a greater daily loss of isotope mto the urme would 
have been anticipated That is, the endogenous catabolism w'ould have 
been larger than that obseiwed As isotopic protem broke dow’n, the 
isotopic ammo acid passing into the plasma w'ould be diluted with the 
same ammo acid from the food and w'ould be lost by the operation of the 
general catabolic piocess Actually after the 1st day there is little loss of 
isotope mto the urme, and the formation of plasma piotem (and liver 
protein) may be considered to act as a buffer to prevent the loss of ammo 
acid by the operation of the processes of exogenous metabohsm Tbs 
process of catabolism may be brought to the fore by floodmg the organism 
w’lth ammo acid, particularly a single ammo acid, all of wbch cannot be 
sjTithesized mto plasma piotem 
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The data also show the outstanding activity of intestmal mucosa and 
kidney m lespect to the uptake and lelease of the label Friedberg (12) 
has already interpreted the activity of the mucosa as being due to the rapid 
synthesis of protein by this tissue for the formation of the secretion poured 
into the gut Since the high uptake is also obseiwed when the compound 
IS injected mto rats or dogs (9) and in experiments with chopped tissue,® 
the explanation is piobably coirect, but the secietion of protein by the 
mtestmal mucosa into the ciiculation is not excluded by any experimental 
work so far earned out The question, theiefore, lemains as to whether 
these outstandingly active tissues such as intestinal mucosa and kidney 
contribute to the formation of blood protein to any significant extent 

Bram and spleen show an appaient inactivity mth regaid to the uptake 
of isotope, but this may be due as much to impermeability of the brain 
tissue to ammo acid (13) as to slow late of uptake of ammo acid by the 
protem The significance of the humps observed m these two curves on 
the 2nd day is doubtful Here the data are from four rats only, and owmg 
to the small amount of tissue concerned, the error m the determmations 
may be quite laige 

The small loss of radioactivity into them me and feces, even though half 
of the methionme fed was of the d configuration, is worthy of note This 
should be contrasted with the results of Shemm and Rittenberg (1) and of 
Schoenheimer, Ratnei, and Rittenbeig (14) who observed much larger 
amounts of isotopic nitrogen m the urme after feedmg glycme and leucine 
In pait, these results must be attributed to the relatively higher doses of 
these amino acids fed compared with the tracer doses of the methionme 
used in these studies 


SUMMARY 

1 When methionme labeled with radioactive sulfur is fed to rats, the 
concentration of radioactive sulfur after 24 hours is greatest m the protems 
of the mtestmal mucosa and decreases m the order of kidney, plasma, 
liver, spleen, and bram The residue of skm, hair, and muscle has a very 
low concentration of radioactive sulfur 

2 Durmg the following 14 days, most of the radioactivity is lost from 
the active tissues and the isotope concentration throughout the animal 
becomes moie or less stabilized at a lower level 

3 About 7 per cent of the administered radioactivity appears m the 1st 
day’s urme Theieafter the output decreases until on the 9th day theie is 
only about 0 5 per cent m the urme The total excretion mto the uiine m 
the 14 day period is estimated to be less than 20 per cent of the dose 

4 The maximum output of about 2 per cent of the administered dose 

^ Ivornblum, R , and Tarver, H , unpublished work 
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appears in the feces on the 2nd da}’’ In succeeding days the output de- 
creases and the total excretion in the 14 daj’^ penoJ is estimated to be 
about 8 per cent of the dose 

5 The rate of loss of the isotope from the methiomne m the hver protem 
IS greater than from the cystme m the same tissue This comphcates the 
mterpretation of the data 

6 The relationship of these results to the theory of protem metabolism is 
discussed 
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SBIPLIFIED CALCULATIONS OF THEORETICAL DIS- 
TRIBUTIONS AND PARTITION COEFFICIENTS 
FOR COUNTER-CURRENT EXTRACTIONS 


By S V LIEBERMAN 

{From the Wyeth Inotilute of Applied Biochemistry, Philadelphia) 
(Received for publication, September 27, 1947) 

The recent paper of Wilhamson and Craig (1) should advance the use of 
counter-current extraction processes as a potent laboratory implement 
The general usefulness of the method m research laboratones is due to the 
work of Martm and Synge (2), w'ho showed that the process could be 
expressed mathematically as a bmomial expansion, and to the development 
of the method and a compact apparatus by Craig (3) 

In apphcations m these laboratones it became necessaiy to plot a number 
of theoretical distnbution curves To hghten a tedious calculation task, 
a method was developed vhich lent itself to the use of an ordmary addmg 
machme, pemuttmg the calculation of a complete distnbution m a very 
short time The dete rmin ation of the partition coefficient from the peak 
of an experimental distnbution curve was also developed as a coroUaiy 
The method and calculated values for a senes of partition coefficients for 
both eight and twenty-four transfer processes are presented, smee the 
availabihty of the data and the ease of calculatmg new data as needed 
should make laboratory scale counter-current extraction more generally 
useful 

The general term of the expansion of the bmomial 




n' 


( 1 ) 

IS 

(2) T = 

r'(n — r)' (1 ■pi)" 

where Tr is the fraction present m the rth tube (plate) of the total 
matenal distnbuted through n tubes, and k is the distnbution coefficient 
On dmdmg Tr by Tr-t 


(3) 


( 3 , 0 ) 


nl 






rr-i" r!(a - r)! (1 + O’* 


(r - l)l(n -fi - r)i (l -f Q" 
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Tr-i l{n + l- r) 


(3.6) 


log Tt = log Tr-i -f log A. + log 
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COUNTER-CUBRENT DISTRIBUTIONS 


The last term of equation (3, h) becomes 24/1, 23/2, 22/3 3/22, 2/23, 

1/24 for w = 24 and 8/1, 7/2 2/7, 1/8 foi = 8 The corresponding 

loganthms are given m Table I 


Table I 


Loganthms of (n + 1 — r)/ r for 7i = 8 and n = 21^ 


« + 1 — r 

Log 

mm 

Log 

n 4- 1 — r 

Log 


Log 

r 


r 


8/1 

0 9031 

2ifl 


16/9 

0 2499 

8/17 

9 6726 - 10 

7/2 

0 5441 

23/2 



0 1761 

7/18 

9 5898 - 10 

6/3 

0 3010 

22IZ 

0 8653 

14/11 

0 1047 

6/19 

9 4994 - 10 

5/4 

0 0969 

21/4 


13/12 

0 0348 

5/20 

9 3979 - 10 

4/5 

9 9031 - 10 

20/5 

W R ! 

12/13 

9 9652 - 10 

4/21 

9 2798 - 10 

3/6 

9 6990 - 10 

19/6 


11/14 

9 8953 - 10 

3/22 

9 1347 - 10 

2/7 

9 4559 - 10 

18/7 



9 8239 - 10 

2/23 

8 9393 - 10 

1/8 

9 0969 - 10 

17/S 


9/16 

9 7501 - 10 

1/24 

8 6198 - 10 


Table II 

Theoretical Pei Cent Distributions for Eight Transfer Counter-Current Extractions 


r 

k 


07 

08 

09 

10 

1 1 

1 2 

I s 

20 

0 

1 4 

0 9 

0 6 

0 4 

0 3 

0 2 

0 1 

0 0 

1 

8 0 

5 8 

4 2 

3 1 

2 3 

1 8 

0 8 i 

0 2 

2 

19 7 

16 3 

13 3 

10 9 

9 0 

7 4 

4 1 

1 7 

3 

27 6 

26 0 

24 0 

21 9 

19 7 

17 7 

12 4 

6 8 

4 

23 6 

26 0 

27 0 

27 5 

27 1 

26 5 

23 2 

17 1 

5 

13 2 

16 6 

19 4 

21 9 

23 9 

25 4 

27 9 

27 3 

6 

4 6 

6 7 

8 8 

10 9 

13 1 

15 2 

20 9 

27 3 

7 

0 9 

1 5 

2 2 

3 1 

4 1 

5 2 

9 0 

15 6 

8 

0 1 

0 2 

0 3 

0 4 

0 6 

0 8 

1 7 

3 9 

Total 

99 1 

100 0 

99 8 

100 1 

1 

100 1 

100 2 

100 1 

1 

99 9 


The log of the zero term is obtained by substitutmg r = 0 m equation 
(2) and expiessmg logarithmicallj'- 

(4) log To = —n log (1 + k) 

(4, a) log To = -24 log (1 + k) 

(4, b) log To = -8 log (1 + k) 

The calculations may now be carried out with the aid of an adding 
machine The log of the zero tenn from equation (4, a) oi (4, b) is placed on 
the tape, log h is added, log (w + 1 — r)/r is added, and the subtotal re- 
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corded on the tape is log Ti Successive subtotals obtained by adding log A. 
and the corresponding log (n + 1 — r)/r are successive log Tr values 
Calculated values for vanous L values for eight transfers and for twentj’’- 
four transfer are given in Tables II and III The numencal fractions 
obtained from the calculations ha've been multipbed by 100 per cent and 
are recorded m Tables II and III as percentages vhich are more generally 

Table III 

Theoretical Per Cent Distributions for Twenty-Four Transfer Counter-Current 

Extractions 



0 

' 

07 

S 

OA 

09 

1 

0 

1 

1 



2 

0 

0 

1 


















2 

0 

0 

0 

0 

0 0 













3 

0 

2 

0 

1 

0 1 

0 

0 

0 

0 









4 

0 

S 

0 

5 

0 3 

0 

1 

0 

1 

0 

0 

0 

0 





5 

2 

1 

1 

5 

1 0 

0 

5 

0 

2 

0 

1 

0 

1 





6 

4 

7 

3 

5 

2 6 

1 

5 

0 

8 

0 

4 

0 

2 

0 

0 



7 

8 

4 

6 

8 

54 

3 

4 

2 

1 

1 

2 

0 

7 

0 

2 

0 

0 

8 

12 

5 

10 

8 

9 2 

6 

5 

4 

4 

2 

9 

1 

9 

0 

5 

0 

1 

9 

15 

5 

14 

4 

13 1 

10 

3 

7 

8 

5 

7 

4 

1 

1 

4 

0 

2 

10 

16 

3 

16 

2 

15 7 

14 

0 

11 

7 

9 

4 

7 

3 

3 

2 

0 

7 

11 

14 

S 

15 

5 

16 0 

16 

0 

14 

9 

13 

2 

11 

2 

6 

1 

1 

8 

12 

11 

0 

12 

5 

13 9 

15 

6 

16 

1 

15 

7 

14 

6 

9 

9 

3 

9 

13 

7 

1 

8 

7 

10 0 

12 

9 

14 

9 

15 

9 

16 

2 

13 

7 

7 

2 

14 

3 

9 

5 

1 

64 

9 

2 

11 

7 

13 

8 

15 

2 

16 

1 

11 

4 

15 

1 

8 

2 

6 

3 4 

5 

5 

7 

8 

10 

1 

12 

2 

16 

1 

15 

2 

16 

0 

7 

1 

1 

1 5 

3 

4 

4 

4 

6 

2 

8 

2 

13 

6 

17 

1 

17 

0 

2 

0 

3 

0 6 

1 

4 

2 

1 

3 

2 

4 

6 

9 

6 

16 

1 

18 

0 

0 

0 

1 

0 2 

0 

5 

0 

8 

1 

4 

2 

2 

5 

6 

12 

5 

19 



0 

0 

1 0 0 

0 

1 

0 

2 

0 

5 

0 

8 

2 

6 

7 

9 

20 





1 

0 

0 

' 0 

1 

0 

1 

0 

2 

1 

0 

3 

9 

21 





i 
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0 

0 

0 


1 

0 

3 

1 

5 

22 





1 







1 0 

0 

0 

1 

0 

4 

23 





1 



1 






0 

0 

0 

1 

24 




i 

\ 


1 



t 

1 




i 




0 

0 


useful, smce experimental samples are rarely of umt iveight, and the deter- 
mination of the distnbution may be in umts other than v eight, e g activity 
In usmg Tables II and III, or plots constructed from them, it must be 
remembered that m the Craig apparatus the upper phase moves, and these 
calculated values correqiond to a mornng upper phase In usmg separatory 
funnels, the lov er phase moves, and to compare experimental distnbution 
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curves to theoietical cui’ves it is not necessaiy to lecalculate theoietical 
distnbutions by means of the lecipiocal of tlie paitition coefficient, since 
meiely plottmg expeiimental distnbutions against tube numbeis in descend- 
ing lathei than ascending Older has the same effect Expenmen tal dis- 
tnbutions must be expiessed as peicentages of the whole before plottmg 
the curve foi companson with theoietical curves An additional condition 
IS mheient in the development, uhich assumes equal volumes of uppei and 
lowei phases 

An expeiimental paitition coefficient may be deteimmed fiom a sliaip 
peak of an experimental distribution ciuve In equation (2), Tr is a func- 
tion of ^ and the diffeiential of Tr mth lespect to ? is the slope of the dis- 
tnbution cuive and is zeio on passmg thiough the maximum The opeia- 
tion IS simplified by fiist wnting the Napieiian logaiithm of equation (2), 
smee the maxima of the numencal and the logantliimc cuiwe both fall at 
the same r 

(5) In 7V = In fli -f r In k — In rl — In (ji — — n In (1 + k) 

By diffeientiating equation (5) with lespect to ? 

... d In Tr , , (iln j * rf In (n — r) ' 

(6; — X — = In A 

or dr dr 


equating the slope to zeio 
(7) 


d In j 1 d In hi — j) ' 
In k = — : — -{- - 


di 


dr 


( 8 ) 

(S, a) 


d In 7 ! Id 

rf,tKi-l)(r-2)(r-3) 1 


d In ) I 1 


dr 


1 1 1 
H 1 -h 


r ?-l j-2 r-3 


(9) 


d In (n — r) i 
dr 


1 d 

^ [(« - r)(n - 1 - r)(n - 2 - i){n - Z - i) 


(9, a) 


d In (rt — ? ) I 
dr 



substituting m equation (7) fiom equations (8, a) and (9, a), and letting 
n = 24 


(10) In A 




Equation (10) which is used foi calculating the Napierian logaiithm of 
a partition coefficient giving a peak at any tube numbei, is foituitously 
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adaptable to tbe use of an adding macbine The calculations Mere per- 
formed forn = 24 to correspond to the Craig apparatus, and the results are 
given m Table IV Everj" third \ alue corresponds to one in an eight trans- 
fer senes, and each value corresponds to a value for an even numbered r in 
a fortj -eight transfer senes Since interpolation for highei r values is 
inaccurate, the values for the odd numbered r may be obtained from a 
cunm based on Table W 

The per cent puntj of a sample is properly given b} the latio of the area 
under the e\penmental cune, corrected by adjustment foi the partition 


Table IV 


Parltlion Coefficient Corresponding to Peat of Expenmental Cune 


n 

i 

ft 

h 

n 

k 

g 

y 

4a 

a 

24 

48 

8 

y 

48 

0 

0 

0 

0 023 

3 

9 

IS 

0 614 


17 

34 

2 33 


1 

2 

0 065 


10 

20 

0 725 

6 

18 

36 

2 84 


2 

4 

0 101 


11 

22 

0 852 


19 

38 

3 53 

1 

3 

6 

0 163 

4 

12 

24 

1 0 


20 

40 

4 61 


4 

S 

0 217 


13 

26 

1 17 

7 

21 

42 

6 12 


5 

10 

0 283 


14 

28 

1 3S 


22 

44 

8 91 

2 

6 

12 

0 352 

0 

15 

30 

1 63 


23 

46 

15 3 


7 

14 

0 430 


16 

32 

1 94 

s 

24 

48 

43 2 


8 

16 

0 515 










coefficient corresponding to the peak, to the area under the theoietical 
cur\m for the same partition coefficient The area can be shonm to be 


( 11 ) 


(1 4- /)" 


vhich need not be used, smce the area is the product of Tr and a function 
of r which IS the same for both the expenmental and the theoretical curves 
The ratio of the areas, and hence the percentage, may be expressed by the 
ratio of the expenmental Tr to the correspondmg theoretical Tr The Tr 
selected for the ratio should be of the tube containmg the mmimum impuntj 
and can be selected by inspection of the cunms, but is not necessanlj the 
maximum T, 


SUMMARY 

A simplified method for calculatmg theoretical distnbutions for counter- 
current extractions mth either separator^’- funnels or the Craig apparatus 
has been presented, together mth a senes of calculated values A quick 
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determination of the partition coeflBcient from the location of the peak of 
an experimental curve has also been pomted out 

Thanks are due Mr Martm Kuna for valuable assistance rendered in 
numerous discussions and by the cntical apphcation of the theoretical 
curves 
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BIOLOGICAL PRECURSOES OF URIC ACID* 

I THE HOLE OF LACTATE, ACETATE, AND FORMATE IN THE SYN 
THESIS OF THE UREIDE GROUPS OF URIC ACID 

Br JOHN C SONNE, JOHN M BUCHANAN, and ADELAIDE M 

DELHn’'A 

(From the Department of Physiological Chemistry, School of Medicine, University 
of Pennsylvania, Philadelphia) 

(Received for publication, September 10, 1947) 

Search for the biological sources of the ureide carbon atoms of unc acid 
has centered chiefiy around compoimds similar m structure to the ureide 
group of unc acid One of the earhest studies on the precursors of unc 
acid Vi as made by Wiener (3), who postulated that unc acid was formed 
by the condensation of 2 moles of urea with 1 of tartromc acid Although 
this hypothesis was at first attractive, it has, however, been disproved as 
the mechamsm of the biosynthesis of unc acid by several mvestigators usmg 
both in VIVO and in inU o techmques (4-10) 

Pynmidmes (11), which are likewise related to punnes, have also been 
evcluded as precursors of unc acid, since they are oxidized almost quantita- 
tively to urea by the mammal More recent isotopic expenments of Plentl 
and Schoenheimer (12) also provide convincing evidence that pynmidmes 
do not participate m unc acid synthesis 
A more senous difference of opmion, however, has persisted among 
mvestigators until recently concemmg histidine and argimne as the pre- 
cursors of punnes or punne denvatives The openmg investigations on 
this subject were made by Ackroyd and Hopkms (13), uho postulated that 
the imidazole nucleus of allantoin could be denved from either of these 
amino acids Subsequent data obtained by companng unc acid or al- 
lantom excietion of ammals fed diets high and low in these ammo acids 
have not been altogether conclusive or m agreement (14-19) Results 
obtained by the isotope tracer techmque, however, do not confirm the pomt 
of view that histidine or argimne may be precursors of unc acid (10) The 
feeding of N^Mabeled ammomum citrate to rats and pigeons led to the 
incorporation of N*® mto punnes of the tissues and unc acid or allantoin of 
the excreta m much greatei concentrations than m histidme or argimne of 
the tissue proteins hloreover, unc acid isolated aftei the admimstration 
to the pigeon of argimne labeled with N** did not contain sigmficant 
amounts of (20) These findings have led to the conclusion that the 

• A preliminary report of these studies has been published (1,2) Aided bj a grant 
from the American Cancer Society 


69 



70 


PRECUESORS OF URIC ACID 1 


leactions proposed by Kaebs and Henseleit (21) foi the synthesis of inea in 
the rat do not apply to the 'synthesis of a structurally i elated substance, 
the uieide gioup of uiic acid 

The demonstiation by Baines and Schoenheimei (10) that of am- 
monium citrate is leadily incoipoiated into line acid has suggested that the 
uieide caibon might be deiived fiom some simple metabolic unit In 
01 del to test this possibility seveial isotopic compounds important in 
mteimediaiy metabolism, namely HC^^OOPI, CHsC^^OOH, NH2- 

CHaCi'OOH, CHsCHOHC'^OOH, and C'^HsC'TiOHCOOH, weie piepared 
and admimsteied to pigeons The excieted uiic acid ivas degiaded by 
chemical pioceduies and mfoimatioii has been gained concerning the 
ongm of each of the caibon atoms of uiic acid In the present papei 
expel iments dealing ivith the souices of the uieide carbon iviU be lepoited 
In the following papei expeiiments concerning the piecursois of the caibon 
chain of uiic acid aie desciibed 

EXPERIMENT \L 

Oigamc Syntheses — Isotopic compounds iveie sjmthesized foi the most 
part by pioceduies desciibed by Sakami, Evans, and Gunn (22) These 
pioceduies consisted of standaid oigamc leactions modified for synthesis of 
compounds with Caiboxyl-labeled acetate was prepaied fiom 

isotopic CO2 and methyl iodide by the Giignaid leaction, caiboxyl-tagged 
glycine by the hydiotysis of ethyl phthalimidoacetate (23) piepaied fiom 
potassium phthahmide and caiboxjd isotopic ethyl biomoacetate This 
lattei compound was synthesized accoiding to the method of Auweis and 
Bemhaidi (24) Caiboxyl-labeled lactate was s3Tithesized accoiding to 
the method of Ciamer and Kistiakowsky (25), a- or jS-tagged lactate by 
the method of Ciamei and Kistiakowsky (25) as modified by Sakami, 
Evans, and Gunn (22) Foimic acid was piepaied by the hydrolysis of 
hydiogen cyanide (26) 


Procedure 

Pigeons used in this expeiiment w^eighed 295 to 323 gm with an aveiage 
■weight of 310 gm All buds had been fasted foi 1 day Dunng the 
expenment the pigeon ivas kept on a wme scieen m a laige desiccatoi 
thiough wluch was passed a stieam of COa-fiee an Collections of lespiia- 
toiy CO2 weie made at 15, 30, 60, or 120 minute intei vals during the expeii- 
ment bj'’ passing the lespiiatory gases through a solution of NaOH and by 
precipitating the caibonate as BaCOs 
3 cc of a solution containing 20 mg of N^^H^Cl (3 7 atoms pei cent 
excess) and fiom 0 5 to 1 0 mM of the isotopic compound Aveie alteinatelj’’ 
fed or injected intiapentoneally at mteivals of 2 houis Acidic substances 
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were administered as the sodium salt Glycine and the two types of 
isotopic lactate were administered at the rate of 0 5 mji per hour, NaHCOs 
and formate at the rate of 0 75 mii per houi , and acetate at the late of 1 mat 
per hour The method of administration of solutions was changed in the 
expenment mth NaHC'^Os In this case 2 5 cc of a solution contaimng 
0 38 mji of NaHC'^Oa, 10 mg of Ni^H4Cl, and 25 mg of glucose were 
admimstered every 30 minutes The dui ation of the expenments was from 
16 to 20 hours, except in the experiments with glycme and formate Be- 
cause of the small amount of glj'cme available to us, four administrations 
were made ovei a period of 8 hours and the expeiiment was not concluded 
until the end of the 10th hour The experiment vnth formate vas con- 
cluded at the end of the 12th hour In the experiments with acetate, 
formate, and lactate the pigeons were sacrificed and the contents of the 
pentoneal cavity and entenc tract collected These washings were 
cleared vith colloidal iron and copper-hme and the unabsorbed volatile 
acids or lactate v ere determined by the methods of Fnedemann (27) and 
Fnedemann and Graeser (28) respectively From these determinations 
the amounts of the«e substances absorbed dunng the expenmental penod 
were calculated 93, 94, 78, and 91 per cent of the admimstered acetate, 
formate, carboxyl-labeled lactate, and a,;8-tagged lactate respectively were 
absorbed 

In a supplementary experiment performed mth a rat, 3 cc of a solution 
contaming 1 mit of carboxj 1-labeled acetate, 50 mg of glucose, and 30 mg 
of NH4CI V ere fed ever y hour for a penod of 4 hours At the conclusion of 
the expeiiment uiea carbon vas liberated from the unne as CO2 by urease 
Samples of respiratory CO2 vere also collected 

In the expenments with pigeons unc acid was isolated from the excieta 
and punfied by the method of St John and Johnson (29) as modified by 
Fisher (30) Unc acid obtained by this procedure v as suspended m 40 cc 
of water, dissolved nith a minimum amount of NaOH, decolonzed mth 
caiboraffin, and reprecipitated mth HCl This procedure was repeated 
until a pure white product w as obtained 

Degi adahon of Unc Acid — The conventional numbermg system, shown 
in Scheme 1 of the foUownng paper, has been used to designate the position of 
the carbon atoms of the uric acid molecule Carbons 2 and 8, representing 
the meide cailions of the pyrimidme and imidazole nngs of unc acid re- 
spectively, may be separated from the other carbons of unc acid and from 
each other by appiopnate degradation procedures The first piocedure is 
a modification of a method descnbed by Edson and Krebs (31) The 
exact details of the method of degradation of unc acid with alkaline 
l\InO: into CO2, glj oxyhc acid, and urea may be found m the accompanying 
paper Uiea produced bj the alkaline oxidation of unc acid w'as extracted 



72 


PRECURSORS OF URIC ACID I 


by a suitable pioceduie and converted into CO 2 by urease (32) Since tbs 
urea is deiived equally from caibons 2 and 8, isotopic analysis of this 
fraction gives an average of the C’’ concentiation of these 2 carbon atoms 
When tbs uiea contained no excess of isotope, it was concluded that neither 
carbon 2 nor 8 was isotopic and fui ther degiadation pi ocedures were usually 
not employed If, howevei , tbs fi action contained a second oxidation 

procedure was used by wbch it was possible to obtain carbons 2 and 8 
separately (33) In tbs pioceduie urea containing carbon 8 was obtained 
by oxidizing uiic acid with KCIO3 in stiong HCl (31) Alloxan, the other 
product of the reaction, was reduced to alloxantin with H 2 S (34) and the 
insoluble crystalline alloxantin was isolated Alloxantin was subsequently 
oxidized by Pb02 to urea containing carbon 2 (34) The oxidation wth 
Pb02, a modification of a piocedure desciibed by Liebig and Wohler, was 
carried out at 100° foi 20 minutes The uiea fractions obtained in each 
case were treated with uiease to hbeiate CO2 

Resulls 

Oxidation of Adminisic’) ed Substances — ^No attempt was made in these 
studies to follow in detailed manner the rate of oxidation of the various 
substances administered to pigeons In pievious studies on rats it has 
been found that 2 hours after the administration of carboxyl-labeled acetate 
(35), caiboxyl-labeled lactate (36), a- and ^-labeled lactate (37), and 
carboxyl-labeled glycine (38) respectively, 36, 16, 8, and 4 per cent of the 
admimstered isotope are liberated as CO 2 in the lespiiatory gases Since 
m the present experiments measurement was not made of the total amount 
of excreted, it is not possible to expiess excreted m teims of pei cent 
of the amount admmisteicd Howevei, an approximate estimation of the 
late of oxidation of the administeied substance may be made by comparing 
then “coefficients of oxidation ” The “coefficient of oxidation” is aibi- 
tiaiily defined as 

jQQ ^ C‘^ concentration of CO2 of respiratory gases 
HIM excess given per hr 

wheie millimoles of excess given per hour X 100 = concentration 
(atoms pel cent excess) of caibon atoms labeled X the number of atoms 
labeled X the late of administration of isotopic compound 

As may be seen in Column 8 of Table I, the carboxyl carbon atoms of 
acetate and glycine and the a- and jS-caibon atoms of lactate aie all cx- 
cietcd as CO 2 by the pigeon to appioximately the same extent There is 
the possibility that the caiboxyl caibon atom of lactate is excieted at a 
late somenhat gieatei but m the same order of magnitude as the labeled 
carbon atoms of the other compounds 
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Since the metabohsm of isotopic formate has not been studied previously 
tn mvo, a more thorough investigation was made of the rate of oxidation of 
this substance In Table II is reported the C*’ concentration of the 

Table I 


Precursors of Ureide Carbon Atoms of Uric Acid in Pigeon 


Eipen 

ment 

No 


■| 

Cu coacenttation (atoms per cent 
excess) 

Oiida 

Precursor 


Labeled 

catboo 

(4) 

ITnc actd car 
boQ No 

Respir 

atoiy 

tion 

coeffi- 

aent 

(1) 

(2) 

H 

2 

(5) 

m 

CO 

( 7 ) 

(8) 

It 

! 

C*Oj 


8 13 

0 02 

0 02 

0 28 


2t 

HC’OOH 


3 34 

2 41 

2 41 

0 01 

0 5 

3 

CH,C*OOH 

1 00 

5 82 

2 02 

2 10 

0 26 

4 5 

4 

NHiCHjC»OOH 

0 50 

5 20 

0 00 

0 00 

0 12 

4 6 

5t 

df-CH,CHOHC*OOH 

0 50 

8 80 

0 01 

0 01 

0 25 

5 8 

6 

df-C*HiC*HOHCOOH 

0 50 

5 40 

0 10 

0 10 

0 11 

4 1 


C* = carbon atom labeled with C” 

t The values reported for the C’’ concentrations of uric acid carbons 2 and 8 in 
Experiments 1, 2, and 5 are the C'* concentrations of the mixed urea carbons Fur- 
ther degradation procedures to separate carbons 2 and 8 were not performed in these 
expenments 


Table II 

Appeorance of Isotopic CO in Respiratory Gas after Administration of Isotopic 

F ormate to Pigeon 


3 cc of a solution containing 8 7 mM of isotopic formate (3 34 atoms per cent excess 
C”), 0 75 gm of glucose, and 6 3 mM of NH»C1 in a total volume of 18 cc were ad- 
ministered SIX times at 2 hour intervals to a 360 gm pigeon 


His after Ist adnums- 
tratjon 

concentration of 
respiratory COj (atoms 
per cent excess) 

Hrs after 1st admims* 
tration 

C“ concentration of 
respiratory CO* (atoms 
per cent excess) 

1 

0 01 

6 

0 02 

2 

0 02 

7 

0 00 

3 

0 03 

8 ! 

0 02 

4 

0 01 

9 

0 01 

5 

0 02 

10 

0 02 

Average 

0 013 


respiratory COj of samples taken every hour for the first 10 hours of the 
12 hour experiment As may be seen, the C*’ concentration of the CO; 
IS very low throughout the entire expenment and ■mthin the expenmental 
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eiioi of the mass speck ometei When the aveiage of the excess found 
in t’ ese samples is used in the calculation of the “oxidation coefficient” 
(Tab e I), a value foi the “oxidation coefficient” is obtained which is far 
below that of the othei compounds It vould thus seem that under the 
conditions of this expeiiment foimate is not fuithei oxidized or, at most, 
veiy slowly oxidized to CO 2 by the pigeon The absence of isotopic CO 2 
in the lespiiatoiy gases was not due to lack of absorption of the isotopic 
foimate The inability of the pigeon to oxidize foimate, however, does 
not mean that foimate may not enter into metabolic leactions As shoini 
in Table I, foimate paiticipates in the synthesis of uiic acid 

Metabohc Ongm of Caihons 2 and 8 of Unc Acid — ^Aftei the admmistia- 
tion to pigeons of the six compounds listed in Table I, it was found that the 
carboxjd caibon atoms of acetate and foimate and the a- 01 ;8-caibon atom 
of lactate contributed the uieide carbon atoms in the s 3 mthesis of unc acid, 
but that CO 2 and the caiboxjd caibon atoms of lactate and gl^mine did not 
pai ticipate to an}'' measui able extent In two instances where appeared 
inureide caibon of uiic acid after the admimsti ation of isotopic compounds 
(t e Experiments 3 and 6), unc acid uas degraded by the procedure winch 
permitted the separation of caibon atoms 2 and 8 for isotopic anal 3 'sis 
The fact that the concentrations of of caibon atoms 2 and 8 in both 
experiments are essentially equal argues for the belief that both ureide 
caibon atoms are formed fiom the same source (? e , acetate, lactate, 01 
formate) and that a pait of the unc acid molecule is not derived preferen- 
tially fi om a p 3 ''nmidme 01 imidazole nng compound of the bod}^ tissues 01 
diet 

From the concenti ation of in the caibon of the substances adminis- 
tered and in caibon atoms 2 and 8 of the unc acid isolated and from other 
data reported in the hteiatuie, an estimation ma}'' be made of the extent to 
which the above compounds pai ticipate in unc acid s 3 ’nthesis After the 
administration of foimate containing 3 34 atoms per cent to a pigeon, 
unc acid was isolated containing 2 41 atoms per cent excess m the 
uieide caibon atoms It ma}'- thus be calculated that 72 per cent of the 
uieide caibon of the newl}'- formed uric acid was derived from the adminis- 
tered foimate In addition to formate which is readily utilized in the 
S3'nthesis of uieide, the carboxyl caibon of acetate is also an important 
precursor of tins gioup, an indication that formate and acetate ma}'' be 
closel}’' linlved in avian metabolism Aftei the admimstration of acetic 
acid labeled in the caiboxyl group mth 5 82 atoms per cent excess C’^ 
it vas found that the unc acid isolated contained 2 02 and 2 10 atoms per 
cent excess C’^ in the 2 and 8 positions respectively This demonstrates 
that the (2 10/5 82) X 100 01 approximately 35 per cent of the ureide car- 
bon of uric acid was derived from the acetate administered 
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From the e\penments of Bloch and Rittenberg (39) it is kno™ that a 
300 gm rat may form 39 mM of acetate per day Although the difference 
of expenmental conditions makes it difficult to estimate from these data 
the amount of acetate formed bj" a 300 gm pigeon, a rough approximation 
ma}^ be made to ascertam the order of magnitude Smce Expenment 3 
nas of 16 hour duration, the pigeon ma 3 ’' have formed as much as 33 mil 
of acetate Smce 16 mit of isotopic acetate vere admimstered dunng this 
time, 1 part of isotopic acetate ma}' have been diluted bj’’ 2 parts of meta- 
bohcaUj^ produced non-isotopic acetate The concentration of the 
carboxyl carbon of acetate vhich takes part m metabohc reactions would 
be approximatelj’^ one-third that of the carboxyl carbon of the administered 
acetate or 1 91 atoms per cent excess This latter value approximates very 
closelj' theialue of the C‘^ concentration of the ureide Qarbon atoms of 
unc acid These calculations maj" inchcate that acetate is the mother 
substance from which ureide carbon is denved and suggest that formate is 
either an mtermechate betv een acetate and the ureide group or maj’’ readily 
be converted into an mtermediate of this reaction 

Isotopic carbon of a,/S-labekd lactate is probabl 3 ^ converted mto ureide 
carbon b 3 '' nrtue of the fact that the caibox^l carbon of acetate ma 3 ’’ be 
denved from the a-carbon of lactate The utihzation of the a-carbon of 
lactate for ureide s 3 mthesis is perhaps less than v as expected It should be 
noted that the expenments mth a,/3-tagged lactate and ureide formation 
hai e onl 3 '’ quahtatn e importance, m nen of the fact that m this one m- 
stance the administered lactate was contaminated mth non-isotopic for- 
mate vhich may ha\e sen ed to dilute isotopic ureide caibon formed by the 
metabolism of a,/3-tagged lactate b 3 '^ the bird It nas not appreciated at 
the time of the experiment mth a,/3-tagged lactate that formate played 
a role in avian metabohsm In a subsequent expenment with carboxyl- 
tagged lactate, contaminating formate vas removed from solution by an 
appropnate procedure 

Administration of Carioxyt- Labeled Acetate to Rat — In an experiment 
supplemental^’- to those mth pigeons, acetate labeled m the carboxyl 
carbon with 5 20 atoms per cent excess C*® vas fed to a rat at the rate of 1 
mw per horn- for 4 hours Urea ’i\as collected at the mid-pomt of the 
ex-penment It vas found that the concentration of urea caibon was 
0 27 atom pei cent excess as compared to 0 50 atom per cent excess for the 
respiratory CO 2 Smce COj is a source of urea carbon both in vivo (40) 
and in intro (21, 41, 42), it was concluded that the carbox 3 1 carbon of acetate 
does not directly supply urea carbon m the rat This is in contrast to the 
finding that the carbox 3 ''l carbon of acetate is a major source of the ureide 
carbon of unc acid m the pigeon 
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DISCUSSION 

Data piesented in the piesent papei have served to confirm the belief 
of lecent investigators that aiginine and lustidme aie not direct sources of 
the ureide carbon of unc acid To the aheady accepted fact that urea 
cannot be incorpoiated into uric acid has been added the information that 
the uieide group of uric acid m the pigeon and uiea caibon m the rat derive 
then caibon horn dissimilai souices In addition, it has been demon- 
strated that f 01 mate may entei into avian metabolism and that the carboxyl 
caibon of acetate may be utilized m the biosynthesis of a gioup containing 
but 1 carbon atom Although little is knovm about the fonnation of 
imidazole or pyiimidme iings in the living organism, there is a chemical 
precedent foi the foimation of imidazole nng structuies by the condensa- 
tion of diamino oompounds vuth the carboxyl gioups of fatty acids Thus 
benzimidazole may be formed by the condensation of o-phenylenediamme 
and foimic acid (43) The pai ticipation of both acetic and formic acids m 

uiic acid ‘formation m the bud indicates that a similar mechanism is in- 
volved in the biosynthesis of not only the imidazole but also the pyrimidine 
ling The utilization of formate and the non-utihzation of CO 2 suggest 
that a leduced foim of uric acid (te , a purine) is an intermediate in unc 
acid synthesis Oistrom, Oistrom, and lirebs (44) have shovm that 
hypoxanthine may be formed in pigeon liver shces from simple metabolic 
units and have suggested that hypoxanthine is an intermediate of uric acid 
formation by the intact organism Our data are in complete accord mth 
this postulation The hypothesis that the biosynthesis of the uieide groups 
of purines involves a condensation of a diamino compound and a fatty acid 
is suppoited by the recent woik of Stetten and Fox, Shive and Roberts, 
and Shive el al Stetten and Fox (45) have isolated in pure form an 
amine which accumulates in cultures of various bacteria as a result of the 
addition of sulfonamides Shive and Robeits (46) Jiiive demonstrated 
that purines aie capable of overcoming paitially the bacteriostatic action of 
sulfonamides in certain instances and have postulated that the sulfona- 
mides compete ■with a factor involved in the conveision of a purine piecur- 
soi into the purine itself This hypothesis has been recently borne out by 
Shive et al (47), who have charactei ized the amine isolated by Stetten and 
Fox as 5(4)-amino-4(5)-imidazolecaiboxamide In view of the work re- 
poi ted from various laboratories, the utilization of fatty acid, CO®, NH3, and 
glycine (1) in the s3mthesis of 5(4)-amino-4(5)-imidazolecarboxamide and 
the furthei condensation of this compound %vith a second molecule of fatt}’’ 
acid to form hypoxanthine might be predictable steps in uiic acid sjmthesis 
In ordei to reconcile the utilization of both formate and acetate in uric 
acid sjmthesis, the follovung senes of reactions aie tentatively pioposed to 
explain the derivation of uieide carbon from acetate 
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In these reactions it is postulated that the carboxjl group of acetate is 
first linked to nitrogen atoms ^cith the formation of a methyl-substituted 
amidme structure Upon further oxidation, a carboxyl group might be 
formed from the methyl carbon Decarboxylation -nould jueld the ureide 
carbons attached to hjdrogen atoms as they are in the h3T50xanthine 
molecule This same structure might conceivably be formed directlj’- by 
the condensation of the carboxjd group of formate mth 2 atoms of mtrogen 
It IS evident that the above reactions are only hypothetical and require 
further mvestigation to establish their vahdity 

If formate enters into unc acid sjmthesis by virtue of its metabolic 
relationship to an intermediate in the reactions involved in the comersion 
of acetate carbon to ureide carbon, it may be concluded that this nen 
oxidative pathway of acetate metabohsm does not constitute a second 
mechamsm for the complete oxidation of acetate to COj and H«0 This 
conclusion is based on the observation that the carbon of isotopic formate 
does not appear in the respiiatoiy gases to a sigmficant degree aftei its 
adimmstration 

From the data presented m Table I, additional information concermng 
formate metabohsm may be obtained The fact that formate is an im- 
portant source of the ureide carbon of unc acid and that CO* does not enter 
into this reaction to a measurable extent demonstrates that CO 2 may not 
be reduced to formate in the bird as it is m certain bactenal preparations 
(48) Furthermore the mabilitj’' of the carboxyl carbon of lactate to serve 
as a source of ureide carbon demonstrates that formate is not a sigmficant 
metabohc product of the carboxjd carbon of lactate or pjTuvate in the bird 
as it is m the metabohsm of some bactena (49, 50) 


suxaiAKT 

1 Six compounds labeled mth C« (i e C»0*, HC’^OOH, CHjC^OOH, 
KH^CHsO’OOH, CHsCHOHC^OOH, and C'^HjC’^HOHCOOH) have 
been prepared and admimstered to fasted pigeons The excreted unc acid 
nas isolated, punfied, and degraded bj' procedures nhich pemutted the 
isolation of both the ureide carbon atoms for isotopic analysis 
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2 The carboxyl caibon of acetate and foimatc and the a- (or /?-) caibon 
of lactate may paiticipate in ureide synthesis, but the labeled carbon atoms 
of the other compounds studied do not It is believed that acetate is the 
biological souice of the ureide carbon and that foimate is either an inter 
mediate oi may leadily be conveited into an intei mediate of this reaction 
It IS fuithei believed that the isotopic caibon of o:,/3-labeled lactate is 
conveited into ureide caibon by viitue of the fact that the caiboxyl caibon 
of acetate may be deiived metabohcally fiom the a-carbon of lactate 

3 The piesent expeiiments demonstiate that formate may be utilized 
in avian metabolism, even though it is not oxidized to an appreciable 
extent 

4 The utilization of acetate in uieide foimation, although a new oxi- 
dative path of acetate metabolism, piobably does not constitute a second 
pathivay for the complete oxidation of acetate to CO 2 and H 2 O 

5 CO2 and the carboxyl gioups of lactate 01 pyiuvate are not piccuisois 
of foimate m the pigeon as they aie in ccitain bacterial prepaiations 

6 In a supplemental y expeiiment it ivas found that the carboxyl gioup 
of acetate is not a diiect piecmsoi of uiea in the lat These experiments 
demonstiate that the caibon of urea and ureide carbon of uric acid have 
diffeient metabolic oiigins 
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Proteins, fats, and carbohydrates or their metabohc denvatives have 
been investigated in great detad as possible precursors of the carbon c h ain 
of unc acid (3-11) The usual procedure has been to test the effect of the 
administration of these substances on the excretion of unc acid under a 
vanety of experimental conditions For the most part, expenments have 
been performed on the fasted ammal The admimstration of protems and 
to a lesser extent of carbohydrates has been shown to mcrease the excretion 
of unc acid Fats, however, eithei had no effect or caused a decrease m 
unc acid output The ammo acids, alamne, glycine, asparagme, and gluta- 
mine h ave been shown to cause mcreased ex cretion of unc acid m man under 
conditions m which amm onia or urea did not (12-15) Deammated denva- 
tives of some of these amino acids have been tested for their effect on unc 
acid output Fisher (16) has claimed that L-lactate may mcrease unc acid 
excretion in the bud In an attempt to demonstrate an effect of orgamc 
acids in the excretion of uric acid m man, Gibson and Doisy (17) found that 
lactate and glycolic acid deci cased excretion, whereas alamne and pyiuvate 
greatly increased it 

Experiments in mvo vherem ingested substances veie compared for 
their abihty to inciease unc acid excretion above the normal level of the 
fasted subject aie open to cnticism on the basis of the vork of Lennox 
(18) Lennox has shown that the fasted subject gradually mcreases his 
stores of blood and tissue unc acid which may be released by the mgestion 
of certain foodstuffs, notably carbohydrates and protems or ammo acids 
The mcreased excretion of unc acid, caused by the adrmmstration of a 
substance, may not then represent participation of the a dmini stered 
substance m the synthesis of unc acid but rather a depletion of the body 
stores 

The use of m vtiro techmques has hkewise brought no defimte ansver 

* Prehminarj reports of these studies have been pubhshed (1,2) 4jded bj a grant 
from the American Cancer Society 
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to the question of the piecuisois of the caibon chain of uiic acid The 
suggestion of Wienei that tartionic acid is involved in unc acid synthesis 
has been dispioved by seveial investigators (19, 20) A gieat many 
caibon-contammg substances othei than taitionic acid have been tested 
for then ability to stimulate unc acid production in tissue shces Schuler 
and Eeindel (19) have shovn that hvei extract is capable of fonning an 
unknovTi piecuisoi ■which in the piesencc of liver and kidney shces and 
ammonium chloiide is converted to luic acid Oistrom, Oistrom, and 
ICiebs (21) have been able to dcmonstiate that aspaiagine, glutamine, 
pyuuvate, and oxalacetate may stimulate the foimation of hy'^poxanthine 
m pigeon hvei shces As pointed out by Kiebs and his cowoikeis, the 
stimulatoiy effects of these acids do not indicate that then caibon chains 
necessaiity paiticipate diiectly in puiine synthesis It is knoun, foi 
example, that enei g 3 ’--pi oducing oxidations must accompany^ many bio- 
logical syntheses 

Foi the most pait, the expeiimental pioceduies used to demonstiate 
whethei a given substance paiticipates in unc acid synthesis depend 
upon the ability of this substance to mciease unc acid excretion tn vivo oi 
its foimation in viiw The biosynthesis of unc acid is undoubtedly a 
complicated pioceduie invol'vmg many’- leactions, one of wluch may’ be the 
limiting one If a tested substance is not the limiting factoi of the synthe- 
sis, it may’ pai ticipate in punne foimation wthout inci easing matenally the 
late of line acid synthesis This inheient difficulty in deteinumng the 
piecuisois of a sy’iithetic loaction is oveicome vith the use of isotopicalh 
maiked compounds In the piesent papei, seveial inteiTnediates of 
piotein, fat, and caibohy’diate metabolism have been labeled uitli and 
admmisteied to pigeons The excieted unc acid was degiaded by pio- 
cedures which peimitted the sepaiation of each of the carbon atoms of the 
caibon chain of unc acid foi isotopic analysis This use of compounds 
labeled vath has peimitted the identification of some of the caibon 
piecuisois of unc acid Additional iiifoimation conceinmg the nitiogen 
piecuisors of unc acid has been obtained by’ admimstenng ammonium 
chlonde containing simultaneously’ mth each of these oiganic com- 
pounds 


EXPERIMENTAL 

The geneial proceduie used m the symthesis of isotopic compounds and 
the mannei of then administiation to pigeons have been desenbed in an 
accompanyung communication (22) In oidei to sepaiate foi isotopic 
analy’sis caibon atoms 4, 5, and 6 of the caibon chain of uric acid excieted 
aftci the administiation of isotopic CO 2 , formate, acetate, glycine, 01 
lactate, an aliquot of unc acid was oxidized u’lth alkaline MnOa to hy’droxy- 
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acetylene diureicle caibo\ybc acid, which was subsequentty decomposed b}" 
acid into allantoin and CO2 (23) This COs is derived from carbon 6 of 
uric acid Allantoin w as then hydrotyzed m alkalme solution to allantoic 
acid, which upon subsequent acid hjdrol3sis decomposed into urea and 
gtyoNyhc acid (24) 

Glyovj’^hc acid was isolated as the semicarbazone This denvative was 
then oxidized by IQMn04 by the foUownng equations 

(1) HOOC CH N KH CO KHj + 30 HCOOH + N- + 2C0j + NH, 

(2) HCOOH + 0 -» CO 2 + H 2 O 

Smce the first reaction occurs much more lapidly than the second, a 
sample of CO2 collected dunng the first 7 mmutes of reaction contains 
mainly carbovjd carbon of ghov5hc acid plus the semicarbazide carbon 
A sample of CO2 collected dunng the next 4 houis resulting from the 
oxidation of HCOOH contains the aldehj’^de caibon of gtyoxj'hc acid 
Fischer and Ach (25) have reported a senes of experiments m which 
methylated purmes were oxidized m alkahne solution to allantoin The 
chief product of oxidation of 1- or 7-meth5dune acid is jS-meth3daUantom 
(the methylated mtrogen bemg adjacent to the carbonjd group of the 
carbon cham) Likewnse, the chief product isolated after alkahne oxida- 
tion of 3- or 9-methjdunc acid w as a-methjd allantoin From the work of 
Fischer and Ach it would then appear that the carbonjd carbon of the 2- 
carbon cham of allantoin, which upon hj'drolysis becomes the carboxjd 
carbon of gljmxyhc acid, is derived from caibon 5 of unc acid (see Scheme 1, 
Keaction III) The aldehyde carbon of glyoxj'-hc acid is, bj* the same argu- 
ment, denved from carbon 4 

Although the formation of glyoxj^hc acid bj" the mechamsm descnbed 
in part by Fischer and Ach (25), bj' Behrend (26), and bj' Siemonsen (27) 
{i e Reaction III, Scheme 1 j is thought to be the main pathwaj’ of unc 
acid oxidation by alkahne ]Mn02, there is the possibility that side reactions 
maj’’ occur Endence obtained from our own expenments, however, 
supports the conclusion of Fischer and Ach and others that unc acid is 
degraded to allantoin (and hence to gtyoxj'hc acid) as descnbed in Reaction 
III and also, further, that side reactions do not plaj an important role m 
this degradation 

In Ex-penment 5, Table I, with carboxxd-labeled lactate, the CO2 hbei- 
ated upon acidification of the alkahne AIn02 solution contained 0 25 
atom per cent excess whereas the carboxjd carbon of gtyoxj^hc acid 
contained no excess of isotope If uroxamc acid had been a major inter- 
mediate in the degradation of unc acid (Reaction I, Scheme 1), then these 2 
carbon atoms should have contained C*® in approximatelj equal concentra- 
tions The complete absence of isotope m the carboxj 1 carbon of glj ox\ he 
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acid suppoits the belief that uroxamc acid was not foimed in detectable 
amounts undei the conditions of oui e\peiiments 


Scheme 1 

Possible Reactions in Degiadation of Uric Acid to Glyoxylic Aad 

The nitiogen and carbon atoms of oxidation products of uric acid are given the num 
ber of the unc acid atom from vhich they are derived 
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-H.0 
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0=0 
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•■CHO 


NH ■'OH — NH 


Although the data of Expeiiment 5 do not diiectly exclude Reaction II, 
Scheme 1, they do suggest that the degiadation of uiic acid may have taken 
place by means of one of the two leactions (^ c Reaction II oi III) but not 
by a mixtuie of both Uiic acid degiaded via Reaction II would have 
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lesulted m glyo'<j’'lic acid m which the carboxyl and aldehyde carbon atoms 
are derived from caibon atoms 4 and 5 of uric acid respectively In a 
reverse manner degradation of unc acid via Reaction III would have 
resulted in glyoxyhc acid m which the carboxjd and aldehyde carbon atoms 
are derived from carbon atoms 5 and 4 of unc acid respective^ If the 
degradation of unc acid had taken place by means of Reactions II and III 
m equal proportions, then the gtyoxyhc acid should have contained C“ 
m the carboxyl and aldehyde groups in equal concentrations Smce one 
< of the carbon atoms, namely that in the carboxyl group of glyoxyhc acid, 
contained no isotope, whereas the other contamed 0 37 atom per cent 
excess it may be concluded, m view of the work of Fischer and Ach 
with N-methylated unc acids, that unc acid is degraded predominantly by 

Table I 

Biological Precursors of Carbon Cham of Unc Acid 


concentration (atoms per cent excess) 


Expcri- 

Precursor 



Uric aad carbon No 

ment 

No 

Labeled 

carbons 

Rcspir 

atory 

COi 

6 

4 + S 

5 

4 

4 (enr 
rtcteil 









COs) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

1 

C*Oj 

8 13 


0 25 

0 04 

0 oot 

0 071 


2 

HC*OOH 

3 34 


■IMOi 

0 OS 




3 

CH,C*OOH 

5 82 


0 22 

0 04 



0 00 

4 

KH.CHiC*OOH 

5 20 


0 11 



1 16 

1 13 

0 

dl CH,CHOHC*OOH 

8 80 


0 26 



IB 

0 31 

6 

dl C»H,C*HOHCOOH 

5 40 





Hi 

0 04 


C* = carbon atoms labeled iMth 

t Calculated on the basis of the procedure indicated in the te\t 


way of Reaction III and that Reaction II does not play a significant role 
in the procedure 

The presence of a relatively small amount of isotopic carbon in the 
carboxyl group of glyoxyhc acid m Expenment 4, Table I, ■nith carboxyl- 
labeled glycine nught leave open the possibihty that a small part of unc 
acid IS degraded by one or both of the two side reactions desenbed (t e 
Reaction I or II) There is, hovever, another equally plausible explana- 
tion for the presence of isotope m carbon 5 of Expenment 4, Table I 
Reference to the procedure for the oxidation of glyoxj'hc acid semicar- 
bazone vill show that CO 2 (contaimng carbon 5) produced dunng the first 
7 mmutes of reaction with acid permanganate might be contaminated bj 
the secondaiy- oxidation of formic acid (contaimng carbon 4) If this 
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should be the case, then 12 8^ pei cent of foimic acid may be degiaded m 
the hist 7 minutes Such an oxidation in the-othei expeiiments would 
not have yielded a high enough concentration of isotope in carbon 5 to be 
detected 

Expo inienial Details of Degi adaiion Piocedwe — ^The piocedure of Edson 
and liebs (24) was used ivith certain modifications 80 mg of unc acid 
weie dissolved in 10 cc of 0 1 n NaOH and oxidized by 10 cc of a MnOa 
suspension foi 30 minutes at 38° After filtiation, the MnOo-fiee solution 
was tiansfeiied to an aeiation appaiatus and 0 7 cc of 10 n HNO 3 was 
added The solution was aeiated lapidly foi 10 minutes at 100m terapera- 
tuie to lemove any extianeous CO2, the temperatuie uas then laised to 38“ 
and caibon 6, as CO2, was slowly evolved and collected duimg the next GO 
minutes The solution was then tiansfeiied to a 50 cc centiifuge tube 
and neutiahzed to pH 7 Enough Na2C03 was added to make a 0 1 
solution (350 mg ) and the tube placed in a boiling u atei bath foi 20 
minutes foi the hydiolysis of allantom to allantoic acid The tuhewas 
lemoved fiom the bath, its contents made distinctly acid to thymol blue 
until 10 N HNO3, and then leturned to the boihng watei bath foi an addi- 
tional 4 minutes for the hydiolysis of allantoic acid to glyoxyhc acid and 
uiea Nitiic acid was used because lead is employed latei in the pioceduie 

The solution was cooled, again neutrahzed to pH 7, and 5 cc of basic 
lead acetate were added to piecipitate the glyoxyhc acid (28) Aftei 
centiifuging. the supernatant uas saved foi futuie extinction of urea, 
wlule the piecipitate was transfeiied to a 15 cc centiifuge tube with 10 to 
13 cc of Avatei To tins piecipitate ueie added 1 5 cc of 4 n H 2SO4 The 
suspension uas stiiied well, centiifuged, and the supernatant containing 
glyoxyhc acid was poured thiough a filter into anothei 15 cc centiifuge 
tube The piecipitate was ivashed unth 0 4 cc of H2O and the washings 

* To calculate the possible contamination of carbon 5 bj’’ carbon 4 in the degrada- 
tion of glyoxyhc acid semicaibazone with acid permanganate in the glycine experi- 
ment, let n = millimoles of the total formic acid decomposed, y = millimoles of 
glvoxjdic acid semicarbazone decomposed, x = n/y = the fraction of formic acid 
decomposed, and c = isotope concentration of the mixture of CO; removed during 
the first 7 minutes of reaction = 0 07 atom per cent excess The assumptions 
are made that the carboxjd and aldehjde carbons of glyox 3 ’'lic acid contain lespec 
tivel} 0 00 and 1 16 atoms per cent excess C*’ Therefore 

(3) c = + 2y(0) 

n + 2y 

Dividing the numerator and the denominator of the right hand side of Equation 3 
b}’- y and substituting x = n/y 

(4) c = 

x + 2 

2c 0 14 


(5) 


X = 
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combined iMth the first supernatant To this glyoxyhc acid solution were 
added 250 to 300 mg of semicarbazide hydiocblonde, and the glyoxyhc 
semicarbazone was allowed to crj^stalhze overnight m a cold room The 
semicarbazone deiivative was washed with small portions of water, was 
treated with carboraffin, and recrystalhzed from 2 to 4 cc of w'ater After 
standmg for 24 hours m the cold room, the semicarbazone was centnfuged 
and dned tn lacuo for 4 hours The yields vaned from 13 to 26 mg It 
w as frequently necessary to do a second degradation to obtam a quantity of 
glyox 3 'hc acid semicarbazone sufficient for the acid permanganate oxida- 
tion to follow Aleltmg pomts were taken with unknown, mixed, and 
known samples The puritj’’ of the known specimen was determined by a 
Veibel titration (29) and also by an acidimetnc titiation Mol wt known, 
130, found, Veibel, 134, acidimetnc 132, m p 204-205° 

To separate the 2 carbon atoms of glyoxyhc acid, 1 5 cc of 1 5 n KMn 04 
and 4 cc of 1 n H 2 SO 4 w^ere added to a 30 cc solution contaimng 20 mg of 
glyoxyhc acid semicarbazone The oxidation was cairied out at 38° 
The CO 2 evolved during the fiist 7 mmutes was collected in one sample and 
the CO 2 evolved dunng the next 7 mmutes discarded The CO 2 collected 
after the first 14 minutes results from the slow' oxidation of formic acid and 
represents carbon 4 of unc acid The conclusions concerning the mecha- 
msm of oxidation of glyoxyhc acid semicarbazone (reactions ( 1 ) and ( 2 ), 
above) are drawn by analogy from the mechanism of oxidation of 
a-ketoglutanc acid semicaibazone by acid permanganate (30) and the 
known fact that formic acid is slowly oxidized under these conditions (31) 
In separate expenments it was possible to show that 2 of the 3 carbon 
atoms of glyoxyhc acid semicarbazone are hberated rapidly dunng the 
first 10 to 12 minutes of reaction and that the 3rd carbon is hberated much 
more slow'ly thereafter Since the CO 2 evolved dunng the first 7 mmutes 
contained the carboxyl carbon of glyoxyhc acid plus the semicarbazide 
carbon, the C’® concentration of carbon 5 of uric acid was obtamed by 
multipljung the concentration of this CO 2 fraction by 2 
The supernatant saved after the precipitation of gl 5 ’'oxj'hc acid with 
basic lead acetate was evaporated to dryness and urea extracted w'lth 
absolute alcohol The alcohol was evaporated and the urea redissolved in 
water The aqueous solution was acidified, aerated with H 2 S to precip- 
itate anj' lead still present, and filtered Urea was decomposed to am- 
moma and CO 2 by urease The results of expenments m which an 
investigation was made of the precursors of the ureide carbons of unc acid 
are reported m the accompanj'ing paper In three expenments, the two 
ureide groups of unc acid containing nitrogen atoms 1 plus 3 and 7 plus 9 
respectively w ere obtamed separate from each other in the form of urea by a 
procedure prenously descnbed ( 22 ) These samples of urea were con- 
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veited by uiease into ammonia for eventual deteimination of their 
concentrations m the mass spectiometei 

Results 

The results of si\ e\peiiments are included m Table I The administra- 
tion of the siv isotopic compounds listed has made possible the identifica- 
tion of some piecuisors of the carbon chain of uric acid as well as nitrogen 7 
of the ureide gioup 

Mctahohc Ongm of Caihon 6 of Uric Acid—Oi the si\ isotopic compounds 
admimsteied to pigeons, only one, CO 2 , was directly involved as a piecursor 
of caibon 6 of uiic acid Aftei the administration of isotopic bicarbonate 
containing 8 13 atoms pei cent C’^ uric acid was isolated fiom the e\cieta 
containing 0 25 atom pei cent excess C’® m caibon 6 During the 14th 
houi of a 16 houi expeiiment, fiAm samples of lespiiatoiy CO 2 were col- 
lected at 15 minute intervals The isotopic analyses foi these successive 
samples weie 0 32, 0 27, 0 27, 0 27, and 0 30 atom per cent excess C'*, thus 
demonstrating that under the conditions of these expeiiments C was 
expired at a faiily constant late It should be noted that a concentra- 
tion of caibon 6 of uiic acid (0 25) paiallels closely the C'® concentration of 
the lespiiatoiy CO 2 (average value 0 28), indicating that caibon 6 of uric 
acid is piobably deiived diiectly fiom CO 2 This was borne out in subse- 
quent expeiiments wheie isotopically marked 01 game compounds were 
administered As is shovm in Columns 5 and 4, Table I, the concentra- 
tions of C” m carbon 6 and in the lespiratoiy CO 2 closely parallel each 
othei m aU five of the expei iments Thus, the appearance of m position 
6 in these expeiiments probably results fiom the incorporation of C '^02 
pioduced by the metabolism of these isotopic organic compounds and does 
not represent the diiect utilization of labeled caibon atoms of organic 
compounds as piecuisois of caibon 6 of uiic acid Special mention should 
be made of formate in this connection The demonstration by Uttei, 
Workman, and Lipmann (32) and by Lipmann and Tuttle (33) that formic 
acid may be formed fiom CO 2 by certain bacterial extiacts and that foimate 
and acetyl phosphate condense to form pyiuvate has inci eased the interest 
in formate as a possible inter mediate of CO 2 assimilation reactions The 
experiment vuth formate reported in Table I demonstrates, howevei, that 
foimate does not paiticipate as an intermediate duiing the incorporation of 
CO 2 into line acid After the administration of isotopic foimate, carbon 6 
of line acid isolated fiom the excreta contained no excess of C'^ 

Mctahohc Ongm of Carbons 4 and 5 — ^All of the compounds administered 
led to the ennehment of the 2 caibon fragment of unc acid containing car- 
bons 4 and 5 Aftei the administration of NaHCOs (8 13 atoms pei cent 
excess C^^) and acetate (containing 5 82 atoms per cent excess m the 
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carbox}’’! carbon), the glycxj^hc acid denved from the degradation of the 
resulting unc acid contained in both instances 0 04 atom per cent excess 
C”, while the respiratory COi contained 0 28 and 0 26 atom per cent excess 
respectively By degradation of the glyoxyhc acid semicarbazone of 
the acetate exTienment it m as found that all of the isotope of this compound 
vas located in the aldehyde carbon oi what had been carbon 4 of uiic acid 
{le 0 07 atom per cent excess) Not enough glyoxj^hc acid semicarbazone 
lias available in the expenment mth isotopic sodium bicarbonate to permit 
further degradation Since, hoii ever, the administration of either isotopic 
bicarbonate or isotopic acetate lesulted in the ennchment of the glyoxjdic 
acid and respiratoiy CO 2 to about the same extent (^ e 0 04 and 0 27 atom 
per cent excess, respectively), it seems permissible to assume that the 
appearance of C“ m carbons 4 plus 5 is due solely to assimilation of CO 2 m 
both expenments Furthermore, it is assumed that the assunilation of 
CO 2 into the 2 carbon fraction of unc acid representmg carbons 4 and 5 
tabes place in position 4 and that in Expenment 1, Table I, the concentra- 
tion of isotope in this position is 0 07 atom per cent excess the same as in 
Expenment 3 In subsequent expenments coivection vas made for the 
assimilation of CO 2 in position 4 of unc acid b}" the following equation 

(6) Concentration of C’ m carbon 4 due to assimilation of C“Os 

0 07 

= ~ X concentration of C“ m respiratory CO: 

0 *8 

After the administration of carboxyl-labeled gl 3 "cine, lactate, and a,/3- 
labeled lactate containing in concentrations indicated m Table I, 1 16, 
0 37, and 0 07 atom per cent excess w'ere found in carbon 4 of unc acid 
respectively (Column 8, Table I) When these values are corrected for the 
assimilation of CO 2 , they are respectively 1 13, 0 31, and 0 04 atom per 
cent excess C” These values are recorded m Column 9, Table I It is 
thus seen that the carbox 3 d gioups of lactate and gl 3 mne are both sources 
of carbon 4 of unc acid The low concentration of C’® in carbon 4 of uric 
acid after the admmistration of a, ^-tagged lactate indicates that these 
carbon atoms are not sigmficant precursors of carbon 4 The a- or d-car- 
bon atoms of lactate are, how ever, sigmficant sources of carbon 5 of unc 
acid After the administration of lactate containmg 5 40 atoms per cent 
excess C” m the a- and /3-carbon atoms, it was found that carbon 5 of unc 
acid contained 0 14 atom per cent excess C*’ The admimstration of the 
other isotopic compounds did not lead to ennchment of this carbon atom to 
a sigmficant extent The appearance of in carbon 5 of unc acid after 
the admimstration of carbox 3 'l-labeled gl 3 cine is probably due to a con- 
tammation of carbon 5 b 3 ' carbon 4 dunng the degradation procedure, and 
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hence has no metabolic significance Such a contamination of carbon 5 by 
carbon 4 becomes appaient only when the concentiation of of carbon 4 
is 1 datively large, as it is in Expenment 4 

The administration of isotopic fonnate lesulted in a definite eniichment 
of the glyoxylic acid deiived fiom the degradation of unc acid Itisuii 
fortunate that sufficient mateiial was not available foi a fuither degiadation 
of this compound In view of the fact that foimate is not con veiled to 
C’^Oo to a significant extent, it is piobable that the isotope piesent in cai- 
bons 4 plus 5 represents a leal utilization of foimate caibon 

In Table II an estimation has been made of the extent to winch lactate 
and gly^'cine caibon atoms entei positions 4 and 5 in the synthesis of uric 
acid In Columns 3 and 4 a calculation is made of the extent to which 

Table II 


Coinpanson of Uhhzatioji of Caihon Atoms of Lactate and Glycine in Synthesis 

Caibon Chain of Uiic Acid 


Expen 
meat No 

Precursor 

Per cent mdicitcd 
carbon of unc acid 
derived from labeled 
carbon of precursor 

Specifict 
coefficient 
of utiliza 1 
tion of 

Specifict 

coefficient 
of utilira 
tion, 



I Carbon 
atom 4 

Carbon 
atom S 

acids 

of 1 acids 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

4 

NH.CHsC^OOH 

22 0 

1 

44 0 

44 0 

5 

dl-CHsCHOHC^OOH 

3 6 


7 0 

14 0 

6 

dl-C*H3C*HOIICOOH I 


2 6 

5 2 

10 4 


C* = carbon atoms labeled nith C“ 

t In Experiments 4, 5, and 6 the isotopic substances vere administeied at tlie 
rate of 0 5 miu per hour to fasted pigeons i\ eighing 295, 323, and 323 gm respectivelj 
All weights vere so close to 300 gm that coriection foi pigeon n eight vas not made 
in the above calculations 


carbon atoms 4 and 5 of unc acid weie deiived diiectly fiom the ad- 
ministeied isotopic caibon of each of the thiee compounds listed The 
percentage value is obtained by dividing the concentiations of caibon 
4 or 5 (Columns 9 and 7, Table I, respectively) by the C^® concentiation of 
the isotopic caibon of the administeied substance (Column 3, Table I) and 
multiplying tins latio by 100 Foi puiposes of fuithei discussion this 
value wall be called A Pei haps a moie accuiate compaiison of the utiliza- 
tion of lactate and gly'^cme caibon in unc acid foiTnation may be made by 
calculating the specific coefficient of utilization of these compounds, as have 
Bloch and Rittenbeig (34) in then studies of acetate foimation m the lat 
Foi puiposes of compaiison “the specific coefficient of utihzation” of glycina 
and lactate caibon in unc acid sjmthesis is defined as A/M wdieie M lepie- 
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sents the number of milhmoles of substance adrmmstered to a 300 gm 
pigeon per hour This defimtion is similar to but not identical mth the 
tenn “specific coefficient of utilization” as used by Bloch and Rittenberg 
Accordmg to Bloch and Rittenberg the compoimd mth the highest co- 
efficient of utihzation is the most immediate precursor of a given product of 
reaction In Column 5, Table II, are recorded the coefficients of utihza- 
tion of the two isotopic species of lactate and of carboxyl-labeled glycme, 
assuming that the d and l forms of lactate are equaUj’' well utdized m unc 
acid synthesis Since the data of Fisher (16) suggest that D-lactate is not 
utihzed for unc acid synthesis m the pigeon, the coefficients of utihzation 
have been recalculated (Column 6, Table II), assuming that only the L-lac- 
tate participates m this reaction From the coefficients of utihzation of 
these compounds it may be seen that the carboxyl carbon of lactate is m- 
corporated mto the 4th position of unc acid to about the same extent that 
the a-carbon* of lactate is mcorporated into position 5 Furthermore, the 
carboxjd carbon of gb^cme is incorporated into position 4 to a much greater 
extent than is the carboxyl carbon of lactate These calculations would 
mdicate, therefore, that glj’'cine is the most immediate source of carbon 4 
and that lactate is converted mto gb'cme pnor to its utihzation for unc 
acid synthesis Since the caiboxyl and a-carbon atoms of lactate are uti- 
lized m the s 3 'nthesis of uric acid in positions 4 and 5 respectively, it seems 
vahd to assume that the a-carbon of glycme is a major source of carbon 6 of 
unc acid This assumption is borne out by further experiments with N“ 
which are reported below 

Metabolic Origin of Nitrogen 7 — In Experiments 3, 4, and 6, Table I, unc 
acid was degraded in such a manner that mtrogen atoms 1 and 3 were 
obtamed together, but separate from mtrogen atoms 7 and 9 In Table III 
is recorded the concentiation of these mtrogen atoms m experiments m 
which N'^RiCl (3 70 atoms per cent excess N^'') was admimstered with 
either carboxyl-labeled acetate, carboxjd-labeled glycme, or a,|3-labeled 
lactate Non-isotopic glucose was admimstered routinely in all expen- 
ments It may be seen that, after the admmistration of either carboxyl- 
labeled acetate or a,/3-tagged lactate together with N‘®IRC1, the con- 
centration of mtrogen atoms 1 plus 3 was equal to that of nitrogen atoms 
7 plus 9 After the admimstiation of N’TRCl and gl 3 'cme contaimng iso- 
topic carbon but non-isotopic mtrogen, the concentration of nitrogen 
atoms 1 plus 3 vas 0 712, as compared to 0 548 in nitrogen atoms 7 plus 9 
The Ion er concentration of N*® in mtrogen atoms 7 plus 9 indicates that the 
non-isotopic nitrogen of gtycine participates directlj’’ m the synthesis of the 

* The assumption is made that the a- rather than the p carbon of lactate is utilized 
in the formation of carbon 5, since the carbo\jl and a carbons are adjacent to each 
other 
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imidazole ring of uiic acid Since the carboxyl caibon of glycine is the 
piecursor of caibon atom 4 of uiic acid, it is concluded that glycine nitiogen 
IS the souice of nitrogen atom 7 and that the a-caibon of glycine is the 
souice of carbon atom 5 

Moreovei, these expeiiments mth aie furthei evidence that glycine, 
lathei than lactate, is the immediate souice of caibons 4 and 5 They also 
demonstiate that theie is a lapid synthesis of glycine by the organism dur- 
ing UIIC acid synthesis The equality of concentration in nitrogen 
atoms 1 plus 3 and 7 plus 9 aftei the administiation of lactate oi acetate 
indicates that little oi no piefoimed glycine is available to the organism for 
uric acid synthesis but that most of it is leadily s 3 mthesized fiom caibo- 
hydrate piecuisors, possibty lactate, and N^TI^Cl 
Shemm and Rittenberg (35) have lecently lepoi ted expenmen ts in ivliich 
they fed N^®-labeled glycine to a human and measuied the concentia- 

Table III 


Concentration of Nitiogen Atoms of Uiic Acid aftei Administiation of N^^HtCl 
togcthci with Caibon Isotopic Compounds 


E'cperimcnt No 

precursor 

N*s concentration (atoms per cent excess) 
uric acid nitrogen atom No 



1 -f 3 

7 + 9 

3 

CH3C*00H 



4 

NHsCHjC^OOH 

BIbH 


6 

C*H3C*H0HC00H 




C* = carbon atoms labeled \\itli C*’ 

t Since this sample n as lost, this value v as calculated from the N'® concentration 
of the total uric acid molecule and the concentration of nitrogen atoms 7 plus 9 


tions of the individual mtiogen atoms of the uiic acid excieted at vaiious 
mteivals aftei the administration of the isotopic compound They have 
found that the nitiogen of glycine is the souice of nitiogen 7 of uiic acid 
These expeiiments not only confiim the conclusion of the piesent authois 
(1) that gtyeme is a piecuisoi of uiic acid, but demonstiate that the leac- 
tions of UIIC acid synthesis in the pigeon and human aie piobably vei}' 
similar The fact that uiic acid is the majoi pioduct of nitiogen metabo- 
lism in the bird but not m the human had pieviouslj’- led to speculation that 
the leactions of uiic acid sjm thesis in these tvo oiganisms weie funda- 
mentally different 


DISCUSSION 

Although it was piimaiily the purpose of tins woik to asceitain the 
souices of UIIC acid carbon, the data piesented m this and the accompany- 
ing papei piovide limited mfoimation on leactions involved m its synthesis 
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Incorporation of CO 2 into Uric Acid — the finding that CO 2 is in- 
corpoiated into 2 positions of the carbon chain of unc acid, it is of inteiest 
to determine, if possible, whether these CO 2 assimilation reactions proceed 
via known reactions or whether new CO 2 reactions may be involved At 
present three reactions are knonm by which CO 2 may be assimilated mto 
carbon to caibon linkage by ammal and bacterial tissues All of these 
reactions involve P 5 n'uvate (or lactate) or metabolic denvatives of this 
substance They are as follows 

(7) CHjCOCOOH + CO2 HOOCCH2COCOOH (3&-38) 

(8) HOOCCHjCHjCOCOOH + CO. HOOCCHiCHfCOOHlCOCOOH (39) 

(9) CHjCOCOOH i:? CH,COOPO,H. + HCOOH Hj + CO3 (32, 33) 

The assumlation of CO 2 mto position 4 of unc acid was readily e\- 
plamable on the basis of Equation 7 after it was found that the carboxyl 
carbon of lactate n as hkemse a source of this carbon atom of unc acid 
From the expenments of Wood d aZ (37) and Evans e( aZ (40), it is known 
that carboxyl-tagged lactate is readily formed when non-isotopic pjrruvate 
IS incubated with pigeon hver minces or extracts m the presence of isotopic 
bicarbonate This takes place by the addition of COo to pyruvate, forming 
oxalacetate Isotope is then distributed equally beta een the two carboxyl 
groups of oxalacetate, which may then be decarboxylated to carbox}’'! 
isotopic pyruvate Reduction of this latter compound gives carboxyl 
isotopic lactate It is thus appaient that the carboxyl carbon of both 
lactate and CO 2 might appear in the same position (i e 4) of unc acid 
The assimilation of CO 2 into position 6 of unc acid is not readily explained 
on the basis of the above three reactions, however From the foregoing 
discussion (see “Results”) the conclusion w as drawn that carbon atoms 6, 
5, and 4 of the 3-carbon chain of uric acid may be denved from CO 2 , the 
a-carbon atom of lactate, and the carboxyl carbon atom of lactate 
respectively 

It is important to study the possibihty that the 3-carbon chain of uric 
acid may be formed by an estabhshed assimilation reaction of C 02 -with 
lactic acid In Scheme 2 are summanzed the knowm reactions of lactic acid 
W'hich mvolve the fixation of CO 2 The carboxyl, a-, and /3-carbons of 
lactate as w ell as CO 2 are traced as they form the carbon atoms of know n 
metabolic products In no instance is the arrangement of carbon atoms in 
either lactate or a metabohc denvative of lactate such that a 3-carbon chain 
may be spht out w herein the carbons are denved from CO 2 , the a-carbon of 
lactate, and the caiboxjd carbon of lactate in the order named This 
would indicate that the 3-carbon cham of unc acid is not denved from anj"^ 
of these metabohc derivatives of lactic acid and that consequently none of 
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the CO2 assimilation reactions involved in these paths of metabolism of 
lactate is involved in the synthesis of uiic acid The authors believe, there- 
foie, that the incoipoiation of CO2 mto caibon 6 of line acid takes place by 
a CO2 assimilation leaction hitheito undesciibed ’ 


Scheme 2 

Tracing of Carbon Atoms of Lactate and CO 2 during Formation of Metabolic 
Derivatives of Lactate by Known CO 2 Assimilation Reactions 
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The carboxyl, 

q;-, and /3-carbons of lactate and COi are designated by the syml 


1, 2, 3, and * respectively 


Possible RclahonsJnp of Lactate to Uiic Acid Synthesis — ^Although none 
of the leactions included m Scheme 2 satisfactoiily explains the piesence of 
in the indicated positions of the uiic acid molecule aftei the administrn- 

’ The recent observation bj’’ Barker and Elsden (41) that CO 2 is assimilated into 
acetate and gbrnine during the fermentation of uric acid by Clostridium cylmdro 
sporum demonstrates that CO assimilation is also involved in the breakdon n as veil 
as the synthesis of uric acid It seems at present, however, that the COi reactions 
of the fermentation of uric acid by Clostridium cylindrosporum are not related to 
those invoU ed in its synthesis by the pigeon 
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tion of isotopic bicarbonate or either of the two types of isotopically labeled 
lactate, certain reactions have recently been proposed for the metabolism of 
lactate and related denvatives which could account for some of the ob- 
seiA'ed facts These reactions mvolve the conversion of lactate to gtycme, 
a 3- to a 2-carbon umt These reactions are as follows 

(10) Conversion of senne to pyruvate (Chargaff and Spnnson (42)) 
HOCH-CHCOOH CHr=CCOOH -i- 

i I 

KHi NH, 


CHiCCOOH CHsCOCOOH + NH, 

ii 

NH 


(11) Comersion of senne to glycine (Shenun (43)) 


CH.OH 

1 

CHNHj 


r CHO 


-2H 
> 


CHNHj 




COOH 


COOH 


NHj 

1 

CHj 

I 

COOH 


Shemin (43) has showm that serine maybe converted to glycine m the rat bj' 
oxidation of the /5-carbon atom and it seems hkely that the same mechamsm 
for the formation of glycine from senne is present m avian metabolism 
Chargaff and Spnnson (42) have demonstrated the conversion of senne to 
pyruvate by Bacterium call and Binkley (44) has reported that a similar 
reaction may take place in animal tissues Chargaff and Spnnson have 
proposed the reactions of Equation 10 as a possible mechamsm for the con- 
version of senne to pyruvate If these reactions are reversible, they would 
pronde a pathway for the conversion of lactate to gbrnine when taken m 
conjunction inth the expenments of Shemm If the above senes of reac- 
tions do explain the conversion of lactate to glycine, it may be readilj’’ seen 
tliat the carboxyl and a-carbon atoms of lactate should constitute the car- 
box jd and a-carbon atoms of glycme respectively This is in accord with 
the ex-penmental data 

In vien of the expenments mth N*® reported m this paper and m that of 
Shemm and Rittenberg (35), it seems hkely that gl 3 '’cme itself is the 
nucleus around which the other carbon and mtrogen atoms of unc acid 
become associated dunng its biossmthesis The participation of acetate m 
the formation of the ureide groups of unc acid and the mcreasing importance 
of acetjdation reactions m intermediary metabohsm raise the question of 
whether the acetylation of glycine might be one of the steps mvohed m 
unc acid sjmthesis The possible reactions vherebj’’ acetate and formate 
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may entei into the synthesis of the ureide gioups of luic acid have been 
discussed in the accompanying papei 

Acetate and Glycine Not Intel conveilible in Pigeon — ^E\peiiments on 
glycogen formation fiom acetate and glycine have stiongly indicated that 
these compounds aie not metabolized by the same pathways, since glycine 
IS glycogenic (45) wheieas acetate is not (46) Oui expeiiments with uiic 
acid confiim this belief The earbo\ 3 d caibon of acetate is a majoi con- 
tributoi to positions 2 and 8 of line acid (22), but does not entei to a sig 
nificant extent into position 4 In a i evei se mannei the cai boxyl caibon of 
glycine is a majoi contiibutoi to position 4 but does not entei into positions 
2 and 8 (22) It is thus evident that the 2 caibon atoms of glj'^cine are not 
diiectlj'' utilized to foim the 2-caibon stiuctuie of acetate and mce veisa 
Almquist and Mecchi (47) have lepoited that acetate may replace glycine 
m the nutiition of the chick In unpubhshed expeiiments by one of us 
(J M B ) the lesults of Ahnquist and Mecchi could not be duplicated 
The inclusion of acetate m the diet did not lestoie the loss of gionthpio- 
duced by the omission of gl^'^cme fiom the basal diet The expeiiments 
with acetate and gl 3 '’cine concerning uric acid sjmthesis in the pigeon hke- 
vise fail to substantiate the findings of Almquist and Mecchi 

Although a good deal has been learned lecently about the reactions of 
acetate oxidation, little is knomi about leactions leading to glycine oxida- 
tion 01 conveision of glycine to caibohy^diate The data piesented in this 
papei on uiic acid sjmthesis may offei a clue to these reactions It has been 
shovm that the 3-caibon chain of uiic acid is foimed by leactions involving 
CO 2 and the a-carbon of glycine A similai but not necessarily identical 
leaction may be involved in the oxidative 01 glycogenic metabohsm of 
gljmine Thus glycine might be conveited to lactate by a leveisal of the 
leaction pioposed above foi the conveision of lactate to gljmine Lactate 
thus fornied could be eithei oxidized 01 utilized m the synthesis of glycogen 
bj'’ conventional loutes of metabohsm of this latter compound 

The authois msh to aclcuon ledge mth appieciation the aid of Dr D N 
Wilson in the piepaiation of samples foi isotopic analj'^sis and of Di Samuel 
Gunn in the sjmthesis of 01 game compounds Thej'’ also wish to thank Mr 
James Houcke of the Department of Physics, Univeisitj’" of Pennsylvania, 
and Di Sidiiej’’ Weinhouse, Catalytic Development Coipoiation, Marcus 
Hook, foi the analysis of C*® samples, and Di David Rittenberg of Co- 
lumbia Univeisitj’- foi N'® analyses 

SUMMAEY 

1 Bj’^ administering organic compounds labeled with to pigeons and 
degiading the excieted unc acid, it has been shovm that CO 2 is the 
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source of carbon 6 of unc acid and that the carbo\yl carbon of glycine is the 
source of carbon 4 indirect e\penments mth N’®H 4 CI it was demon- 
sti ated that the ammo mtrogen of glj cme is pi obabb’’ the source of mtrogen 
7 of unc acid The a-carbon of gtycme is piobabb’’ the source of carbon 5 

2 It IS beheved that the incorporation of CO 2 into position 6 of unc acid 
takes place by a CO 2 assimilation reaction hitherto undescribed 

3 The carboxyl and «-carbons of lactate are also mcorporated into posi- 
tions 4 and 5 respectively of unc acid, but to a lesser extent than is the 
carboxyl carbon of glycine incorporated into position 4 It is thought, 
therefore, that lactate is converted to glycine by reactions involving the 
conversion of senne to glycine 

4 Glycine and acetate are not directly interconvertible in the metabohsm 
of the pigeon The authors have suggested that the formation of a 3-car- 
hon mtermediate of earbohydrate metabolism by a reaction involving CO 2 
and the a-carbon of glycine might be a step in the oxidative and gtycogemc 
metabolism of gbcine 
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CRYSTALLINE ACTIVATED PROTEIN B (CHYMOTRYPSIN B)* 

Br KENIS'ETH D BEOWK.f ROBERT E SHUPE, and M LASKOWSKI 

{From Ihe Department of Biochemistry, Marquette University School of Medicine, 

Milwaul ee) 

(Receu ed for pubbcatjon, November 29, 1947) 

The protein isolated from beef pancreas (1) was recently identified as 
the zymogen of a proteoljiiic enzyme and provisionally called protem B (2) 

In this paper a method of crystalhzation of the actuated enzyme is de- 
scribed Further properties of this enzyme have been studied, suggestmg 
that the activated protem B belongs to the group of chymotrypsins The 
strongest evidence for this conclusion came from the work of Dr Fruton 
(3) m which the specificit}’- of the activated protem B toward several syn- 
thetic peptides has been mvestigated The activity was found to be similar 
to that of the group of chymotrypsins In view of our own, and parti- 
cularly Dr Fruton’s results, we have proposed the name chymotrypsin B 
for the active enzyme and chymotrypsmogen B for the imactivated form 

experimejjtal 

The unactivated protem B was prepared accordmg to the method pre- 
viously descnbed for protem Bj (2) Smce it has been shown that forms 
Bi and Ba were mterchangeable, it was found convement to piepare protem 
B in the form B 2 only Prior to the activation, protem B was recrystallized 
a minimum of five times 

5 gm of the crystallme zymogen were dissolved m75ml of 02m borate 
buffer, pH 7 8, and the pH adjusted to 7 8 1 mg of crystallme trypsm, 

equivalent to 5 5 Kunitz (4) ti^Tism units, was added to each 1 5 gm of 
the zjTuogen The solution was left at 5° Ever}' 24 hours a mmimum of 
eight 1 ml samples of enzyme contaming from 1 to 100 y of protem was 
incubated with 1 ml of standard 1 per cent casern (m phosphate buffer, pH 
7 6) for 20 minutes at 37° The actmty^ was deter min ed on the trichloro- 
acetic acid centrifugate spectrophotometncaUy by the method of iCunitz 

* Aided by grants from the Dormer Foundation, Inc , and the John and Marj R 
Markle Foundation 

t Some of the data included in this report were taken from a thesis to be submitted 
by Kenneth D Brown to the Graduate School of Marquette Umversity in partial 
fulfilment of the degree of Master of Science 

' No numeneal unit of activitj' was introduced For the purpose of this work, it 
was found most conv ement to compare the activity of an unknown with a standard 
(Fig 4) When necessarj , the potency of the unknown was eicpressed in per cent of 
the standard 
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(4) 1 he repulls of ono piioh evpeiiLnent '’is snoAvn jii iMg 1 iifa^ariUni 

s.'tiMV/- ^ab ’’biially atfaineo m 72 lio’o.- 

Afc this time Iho Tiii\Ui-c was L)aAs‘’euec' to a (.cUophaDt dial mg e» 
and dialyzed foi 72 bom-, aga.nst 0 Ol m icvaatc bnltci, pd 6 *5 at (hi 
catside bnJS’ei being dunged fiequently A htavy, arnoiphou.o piei/piti’r 
\r(^suiT.‘'d This pipcipjtate was centiituged i\itli di{ruLi]t 3 '' (3 honu ct 



'^■COC' n p jr ' ind mssolved in a nimimu.i of iiatei, made pQ 4 0 \,y t >' 
‘’cant’ou of n sulfinic acid The sma\i aniouni of gelatinous, lufolu’ ’ 
rr.£,tonal was icmc*<d b}' ccntnfiigat.on md tae neai ntiifugate ’ 
dK’i 3 med ag i 0''il m ain^'dabnl pH 6 5 The icsTting pi'^c ,^)ita'< 
.vas spuiici ystallmi' The i iCipib w^'s cintinugea ann dissoh eJ atp' 
7 8 Tins solution was dulvzed agams > 0 0’ w 'iGetaf * 'r O’ , 'H. It 1 
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The n) thi ou casi-iti ha^ Uten co iipa’ < <:<- 

orybtailinc fhs^ninli', Ujin o Jiui (’•3‘:tallme tnj ^ui - lli u'^dhs aie 
jn Fjg 5 Ibe tin\c ob^ajueci 7\jth rij-talluie ti vi\i i t\a-- jrlcni i 
hig 1-) >■>1 Kinit/! (i) 1 1'o (I fTeij nee bciv ce'i -CDiajlr 1 pinlcu 

liypsui "as %cn pioncnneod in le-^poct to the miLiai ’ elocitr of rh 
tion aiKi lo the end-poiut r.l digestion Tins confirmed oir pic ’oi 
mgs (2; concernmg the non-identit3 of activated piotnii B ana o 
B\ compaimg the cun es lepresenting activated protein B ara cn 
sin, it vas seen that the shapes of botli iveic vciy simil a J’'i j i 
hovever, in that the velocity of die reaction vnth actn iited 1 1 m 
considerably sloner 
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K D ^ 1 f-jj Ti'3 ■*Aj> Af L ' JOl 

10' iliin^ jii’^oiP'Lal '\ci (!' Fui, 2 'Llu'-r i > yt lal'-j wci ( n\' nhoa 

Lu pfl 10 ai'"' Jicih Z{(' oaaiii sCOi M .uctulc Ii ilici, ]FI o 5 llic icsall- 
intj, piL'’ipiii-*o \\ )<= oivs ' lUio y^'ie, i It oi Dii icbT, to nolo thut., 

!!"'■ /swill 1 ^- lion "J3 I'l-iii'ccl Fr loaoting lb' 1he nei die foiin shomi 
II 1' was obtained Un bo oU'oi hand, nlicn the ci 3 oialhza -on was 
mdi ^od hi nosing the pll, the- p >sms 'slioit and elongaiod, Fig 111 -esiilted 
li w i 5 nr,t iini ora- ion to obrain f om liotli p' 0 ( f dines macioscopia ^lystals 
As < stand i 1 p.ofcduie, the noted toi w as i ''Ciy«tallized ft'Ui times, 
llu ' lothods dc^onhed aboi e being alteinatfd At tins stage th ^ ar tive en 
7\ iiK' ' a j Ij ooln'i t J n Ph no signiheant loss of aotn d y and m tins ioim die 



1 X 1 i Crjs*illiiii iv 1 iciii J? ('btainctl by loweiing the pH from 7 S to 

i ' 210 

I on nadoi. \' assl ablt h'lg 1 'iiow'^ thoiesiiUs of ane'peiiment in wdiich 
M M't ( .2 i\ (.illiza, on^ xif the same batch of activated jiiotemB 

v\. i.Acntxdt )i 'i!ivn\" Tilt V nn i.\o set', oi points in big dicp’osenttwo 
'ai ssivc icin'-' dlizatioiii ot ^ 'fiiP'^-it Ivio'h of aetivatcd piotein B 
A-’ no. r I dll. lots au Wjthr hr e\i r-n mental eiioi ol • be method 
'.I oe H O' osLUkc Ixy one cui a * i c svu ees&ivo activity deteimins- 
I o’n 'll Pie s line b tch ol actnate"* poA o B aithoul mtoivcning leciv'- 
I dlizatini', 1 osiiveo in as gu laiaii.iv.pn 's hal sh xv n in Fig 4 Tiiii‘i=i 
((''iiiudi' vIil,"'} 'll fhar .iistallixa 'itiav'vl piote.n B icpiescnled an 
> 11 n me ol uuiloiiii letniu " hii b px.si' to opon s'ih-,cqiioiit leciys^ai 
liz tioiw 
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and iO 7 ('f ated protein B lespcctnelj Tbesc thxce tubes were m- 
cuii^-^cd for en?\t 20 minutes and the reaction y\‘^^ it'-'ipcu by the ad- 
<• ition of J Uii of 5 per cent trichlorcafeetic acid per tnlie 10 ■) of activated 
piotem B "iveir then added to ibe Iir&t tube (Fig 0, 



Tig 1 Const'>n„ activity of cr 3 stallinc actii lei niot>.)u B tliiougli oeve-al lOii- 
- ciBivi recrjEtallizations ©, first rccr,(>fal]ization of Sampfi 1, A, si.con5 rc- 
I -jsta' i/itionof Sairplel, O, tlurd rEfrjEcalhralioT of b'lmplel, □, first i.’crjstA- 
I "I 11 Sample.', X, seconj recrj'tallizatiou ii Sample 2, 

1 analogom^ e’qiei-irieiit v ith 100 c f a> ivated protein B toi the ’mti..! 
d)ge..ur>u of do mmutes and 100 t of ^he'chrce lespective cnoynies added 
^ t' c additional digestion of 40 i unte are shovai m Fig 5, C Tn^ 
'1 ^ >."1171 ent of this gioiip v ts iden.mai to tbc latter, mth the exception 
at V' c iiiifial digestion uarrjei c i; with 100 of t’-3pMn (F'g 6, B) 
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Finally, an analogous experiment was performed in winch the initial 
digestion of 40 minutes was earned out ivith 100 7 of chjunotiypsin The 
three enz3unes weie then added and the digestion was continued for 40 
minutes (Fig 6, D) Only the curve lepresenting the addition of chymo- 



Fig 5 Companson of activity of cr 3 ^stalline tiypsin, ciystallme chymotrj'P®’''’ 
and crj'stalline activated protein B 

tiypsin IS shotvn, since the othei values veie too close to be cleaily lepie- 
sented giaphicallj^ The lesults of these experiments showed that (1) the 
final state of digestion of casein by chymotr3'psni, lesultmg m an optical 
density of appi oximately 1 400, could not be leached by the digestion 
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Fig 6 EEfect of the addition of different enzymes to the partially digfefeted casein. 

A, 20 minutes digestion ivith 10 y of activated protein B, followed by 20 minutes 
digestion with 10 y of tr 3 psin, ch}unotrypsm, and activated protein B respectivelj 

B, 40 minutes digestion with 100 y of trypsin, followed by 40 mmutes digestion with 
100 y of trypsin, chymotrypsin, and activated protein B respectively C, 40 min- 
utes digestion wuth 100 y of activated protein B, follow ed bj 40 minutes digestion 
wuth 100 y of trypsin, chjTUotrj psin, and activated protein B respectu elj D, 40 
nunutcs digestion with 100 y of chymotrypsin, followed by 40 minutes digestion 
with 100 y of chymotrjpsin 


inth trj’^psm even when it was present in excess (Fig 6, B, trjTism), that 
(2) with sufficient excess of enzyme, both chymotrypsm and activated 
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protein B reached the same stage of digestion (Fig 6, C, D) , and that (3) 
the rates of leaction of chymotiypsm and activated protein B were signi 
ficantly diffeient in all cases 

Accoidmg to Kumtz’s method (4) foi the deteimmation of specific light 
absoiption at 280 mjti, his factois foi tiypsin, 0 585, and chymotrypsui, 
0 500, weie confiimed The factoi foi activated piotein B was found to 
be 0 600 

Finally, attempts weie made to ciystalhze chymotrypsm by the pio 
ceduie desciibed foi activated piotein B To date all attempts have been 
unsuccessful It was found, howevei, that chymotiypsinogen can be 
easily crystallized by the pioceduie desciibed foi unactivated protein Bs 
(2) Six recrystalhzations of chymotiypsinogen by this method lesulted 
in a formation of typical chymotiypsinogen needles, as shonm by Kunitz 
and Noithiop (5), with no tendency towaid plate foimation 

Fiom the accumulated evidence it Avas concluded that the activated 
piotein B belongs to the group of chymotiypsms Dnect comparison 
vith chymotiypsm a and compaiison with the data available for ch 3 TO 0 - 
tijpsins )3 and y led to the conclusion that activated protein B was not 
identical ivith any of these enzymes It was decided to name activated 
piotein B chymotiypsm B, in piefeience to chymotiypsm 5, in ordei to 
stiess the diffeient lates of leaction Avith casein Similaily, since neither 
chymotiypsm ^ noi chymotiypsm y has a knowm zymogen, it ivas felt ad- 
visable to make this choice lathei than to extend the Gieek senes Theie- 
foie, the unactivated piotein B may be conveniently named chymotrypsino 
gen B 


SUMMARY 

A method of ciystalhzation of activated piotein B has been desciibed 
The pi otem thus obtained maintained constant proteolytic activity tlirough 
several successive recrystalhzations It was concluded that this crystal- 
line substance lepiesented a uniform proteolytic enzyme 

Fiom the studj'’ of the pioteolytic action of this enzyme by the digestion 
of casein, as Avell as fiom its ability to clot milk, and particularly on the 
evidence of Di Fiuton’s ivoik, it ivas concluded that this enzyme belongs 
to the group of chymotiypsms 

Fiom the compaiison of the rates of digestion of casein and the coeffici- 
ents of light absorption at 280 m/x it was concluded that activated protein 
B IS not identical vnth chymotiypsm a 
The name chymotrypsm B was suggested foi the activated form and 
chjmotiypsmogen B for the unactivated form 
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The authors wish to thank Mr L C Massopust for the photographs and 
drawmgs accompanying this paper 
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SPECIFICITY OF CHYMOTRYPSIN B 


By JOSEPHS FRUTON 

(From the Department of Physiological Chemistry, Yale University, New Haven) 
(Received for publication, November 29, 1947) 

Brown, Shupe, and Laskowski (1) have described the isolation, from 
beef pancreas, of a crj''stalline proteolytic enzjone which they have named 
“activated protem B” oi “chymotrypsm B ” Through the kmdness of 
Dr Laskowski who provided us -with a 4 times recrystallized sample of 
this enzyme, it was possible to e\amme its action on a series of synthetic 
peptides and peptide derivatives The data presented m Table I show 
that, of the compounds tested as possible substrates, only carbobenzovj’’- 
3>-tyrosylglycmamide, carbobenzoxyglycyl-ii-tyrosylg]j'’cmamide, glycyl- 
L-tyrosmamide, glycyl-i/-phenylalanmamide, i/-tyrosylglycmamide, and 
L-phenylalanylglycmaimde are hydrolyzed to an appreciable extent It 
has been reported m previous commumcations (2, 3) that the substances 
named above are substrates for the crystallme chymotrypsm of Kumtz 
and Northrop (4), and that the site of hydrotysis is, m each case, at the 
peptide Imkage mvolvmg the carbonyl group of the aromatic ammo acid 
residue In addition, earliei expenments (2) have shown no difference in 
specificity toward synthetic substiates between chymotrypsm and 7 - 
chymotrypsm, the lattei enzjune havmg been piepared by Kumtz (5) 
from chymotiypsm 

In contrast to the action of activated protem B on the substrates foi 
chymotrypsm, no hydrolysis was found m the case of benzoyl-n-argmm- 
amide, which is a typical synthetic substiate for cr 3 ’'stallme panel eatic 
trypsm A similar negative lesult was noted foi caibobenzoxyglycyl-L- 
phenylalamne, a substrate for crystallme pancreatic carboxypeptidase 

The above data on the specificity of activated protem B support the 
view, expressed by Biovn, Shupe, and Laskov ski, that this enzyme belongs 
to the group of the chymotiypsms 

SUMMAHT 

The crystallme proteinase activated protem B of Brown, Shupe, and 
Laskov sla catalyzes the hydrolysis of peptide derivatives previously found 
to be substrates for the crystallme chymotrypsm of Kumtz and Northi op 
This result supports the conclusion that activated protem B is closely 
related to chymotrypsm 
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Table I 

Action of Activated Protein B on Synthetic Sulstrates 
Substrate concentration, 0 05 m in the case of the soluble compounds 0 12a 
niM of the sparingly soluble substrates was neighed into 2 5 cc volumetric flasks in 
which the enzymatic hydrolysis was performed Enzyme concentration, 0 25 mg 
of protein nitrogen per cc of test solution, temperature, 38°, pH 7 3 to 7 6 (0 02 m 
veronal buffer) 


Substrate 

[ Tune 

H> drolysis* 


! hrs 

per cent 

Carbobenzoxy-L-tyrosylglycinamidef 

4 

28 


20 

71 

Carbobenzoxyglycyl-L-tyrosylglycinaniidct 

4 

33 


20 

74 

Glycyl-L-tyrosinamide acetate 

4 

42 


20 

77 

Glycyl-L-phenylalamnamide acetate 


14 


20 

42 

L-Tyrosylglycinamide acetate 

4 

12 


20 

29 

L-Phenylalanylglycinamide acetate 

4 

10 


20 

30 

Benzoj 1-L-argimnamide hydi ochloride 

20 j 

2 

Carbobenzoxyglj’’cyl-L-phenylalanine 

20 

1 

Carbobenzo\y-L-glutamyl-L-glutanuc acid 

20 

2 

Benzoylglycinamidef 

20 

0 

Carbobenzoxy-L-isoglutamine i 

20 

2 

Carbobenzoxy-L-serinamide 

20 

0 

Glycylglycylglycme 

1 

20 

1 1 


* The data in this column are expressed as per cent of the h3'^drolysis expected 
on the complete hydrolysis of one peptide linkage The procedure emplojmd in the 
determination of the extent of hydroljsis nas the same as that described earlier (2) 
t This substance n as not in solution at the start of the experiment 
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THE EFFECT OF METHYLTESTOSTERONE ON THE RATE 
OP SYNTHESIS OF CREATINE* 


Bt henry D HOBERMAN.t ETHAN A H SIMS,| and 
WILLIAM W ENGSTROM 

(From the Department of Internal Medicine, Yale University School 
of Medicine, New Haven) 

(Received for publication, November 28, 1947) 

After the daily administration of methyltestosterone to normal human 
subjects for several weeks, creatine usually appears in the unne m gradually 
mcreasmg amounts (1, 2) Because the creatmuna so induced is associated 
with an mcrease m the concentration of serum creatme, and also because 
the amount of urmary creatinine mcreases, it has been generally assumed 
that the S3mthesis of creatme is accelerated by methyltestosterone 

The effect of methyltestosterone on the metabolism of creatme can be 
more directly observed by measunng the rate of turnover of creatme by 
isotope methods It has previously been shown that the rate of dilution of 
labeled body creatine, as reflected m the concentration of isotope m unnaiy 
creatinine, is a measure of the rate of replacement of depot creatine by 
endogenous creatine (3-5) By so taggmg the body creatme of a normal 
male subject subsistmg on a diet as free of creatme and creatmme as possi- 
ble, the rate of synthesis of creatme before and durmg the admimstration 
of methyltestosterone has been measured Evidence mil be presented that 
methyltestosterone does mcrease the rate of synthesis of creatme That 
this IS specifically brought about by its effect on the reaction or reactions 
mvolved m the formation of guamdoacetic acid is mdicated by other data 

EXPERIMENTAL 

2 weeks before the admmistration of isotopic creatme the subject 
(H D H) was placed on a diet free of meat or meat products Milk con- 
sumption was hmited to 250 ml per day The creatme of the body was 
then labeled mth isotopic mtrogen by the intravenous a dmini stration of 
1 67 gm of creatme (19 4 mg per kilo) containmg 31 atom per cent excess 
N*^ and 1 5 gm of guamdoacetic acid (17 5 mg per kilo) contaming 30 5 
atom per cent excess N’^, both in the a position The isotopic creatine 
W'as synthesized as described (5, 6), the N‘^ guamdoacetic acid was pre- 

* Aided by a grant from the Fluid Research Fund, Yale University School of 
Medicine 

t Alexander Brown Co\e Memorial Fellow 

t James Hudson Brown Memorial Research Fellow 
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pared by the method of Biand and Brand (7) Isolation of urinary ere 
atmine for the analysis of was begun on the 5th day after the isotopic 
cieatme was given, and fiom that time every 7th day for 49 days Dunng 
the 6 mteivenmg days of each penod, mine specimens were pooled and 
analyzed foi cieatme, cieatinme, and guanidoacetic acid The method 
of Peteis (8) was used foi the measuiement of creatine and creatmine, 
and that of Hoberman (9) foi guanidoacetic acid The isolated creatmine 
Avas degraded to saicosme, as described (5) The sarcosme, isolated as 
the toluene suKonyl denvative, was analyzed foi m a mass spectrom- 
eter constructed according to the specifications of Nier (10) 



Fig 1 Changes in the isotope concentiation of urinary creatmine obseived before 
and duiing the administration of mcthyltestostei one Tlie broken line is an extra 
polation of the cuivc obtained during the contiol period 

A control penod of 20 days followed the day on tvluch the first sample 
of creatimne was isolated Thereafter 50 mg of methyltestosterone were 
taken dailj^ by mouth for 28 consecutive days 

Results 

The changes m the isotope concentration of the uimary creatmine during 
the control penod of 21 days and dunng the ensuing 28 days on methyl- 
testosterone are shovm in Fig 1 The slope of the straight line from 

1 = 0 to i = 21, obtained by plotting the data semilogantlimically, is 
0 0143 This has been shown to be the fraction of the total body creatine 
which undergoes leplacement each daj'' (5) Since the average creatinine 
excretion dunng the control period xvas 1 76 gm per day, equivalent to 

2 04 gm of creatme per day, the average total body creatine during tins 
penod IS calculated to be 2 04/0 0143 = 143 gm 
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After methyltestosterone has been taken for 1 rveek, the slope of the 
cun^e of Fig 1 becomes steeper, denotmg a more rapid rate of dilution of 
bod\" creatme than durmg the control penod In a previous paper (5) it 
vas shown that, for the condition of a changmg total body creatme, labeled 
with isotope, the amount of creatme at an}-^ time t can be calculated by the 
substitution mto the equation 


where Co and C are the isotope concentrations of the unnary creatinme at 
tune i = 0 and t, respectively, <?o and (rare the amounts of total bodj’- cre- 
atme at t = 0 and t, respective! jq and L is the turnover constant For the 
apphcation of this equation to the present studj’’ it has been assumed that 
meth 3 dtestosterone does not alter the fraction of the total body creatme 
which undergoes conversion to creatinme With Co = 0 400 atom per 


Table I 

Changes tn Body Creatine Observed during Ingestion of Methyltestosterone 


Time 

X'> in creatinme 

Total body creatme 

days 

atoir #er cent excess 

i 

0 

0 400 

143 

7 

0 345 

150 

14 1 

0 307 

152 

21 1 

0 268 

158 

28 

0 230 

167 


cent excess (the N** concentration of the unnary creatinme isolated on the 
fast day of the control penod), Go = 143 gm and I — 0 0143 per day, G 
has been calculated for the 28 day penod, durmg w hich methyltestosterone 
was admmistered The results of these calculations are shown m Table I 
It IS apparent that the body depots gamed 24 gm of creatme m the 
penod durmg w'hich methyltestosterone w'as taken The average rate of 
synthesis of creatme therefore mcreased approximately 40 per cent 
Graphical mtegration of the data of the last column m Table I permits 
calculation of the average expected creatinme excretion accordmg to 

w'here e is the average expected creatinme excretion (expressed as gm of 
creatme per day), and G is the axerage number of gm of creatme m the 
bod 3 ’-, the mtegration bemg performed oxer the 28 da 3 ' penod durmg which 
methyltestosterone was given B 5 ’- this method e was calculated to be 
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2 19 gm pel day The average ob&eived cieatinme excietion dunng the 
same time mteival was 1 85 gm pei day, equivalent to 2 14 gm of cieatine 
per day The agieement between the calculated and observed cieatinme 
excretion supports the assumption that dunng the period undei observa- 
tion methyltestosterone was vothout effect on the process concerned with 
the transformation of creatine to creatinine 
Although creatine could not be detected in the unne at any time dunng 
the experimental period, the uimai’y excretion of guanidoacetic acid in- 
creased approximately 70 pci cent while methyltestosterone was adminis- 
tered This is shmvn m Fig 2 The nse in the excretion of urinary guan- 
idoacetiG acid which occurred dunng the control period is not sigmficant, 



Fig 2 Changes m the unnaiy excretion of guanidoacetic acid before and dunng 
the admmistiation of methyltestosterone The solid area represents the period 
during which methyltestosterone \ias taken 


smee variations of tins order of magnitude have not been uncommon m 
oui expenence Howevei, normal male urme has never been found to con- 
tam such large amounts of guanidoacetic acid as weie excieted dunng the 
administration of methyl testostei one 


DISCUSSION 

It is significant that the late of creatine synthesis increased duimg the 
1st week of methyltestosterone administration The fact that several 
w eeks usually elapse before methyltestosterone induces creatmuiia is believed 
to be related to the amount of creatine already present m the body tissues 
Samuels el al (2) found it possible to shoiten tins latent penod by incor- 
poratmg extra cieatmc in the diet The absence of a detectable amount 
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of creatine m the unne after 4 n eeks of ingestion of methj’-Itestosterone can 
be attnbuted to the omission of creatine from the diet 

A nse in the amount of guamdoacetic acid excreted m the urme of nor- 
mal children has been reported by Hoagland etal (1 1) to follow the adrmn- 
istration of methyltestosterone The excretion of greater amounts of 
guamdoacetic acid durmg the penod of admmistration of methyltestoste- 
rone than during the control penod mdicates that the step n hich detenmnes 
the rate of synthesis of creatine, ht least under the conditions brought 
about by the mgestion of methyltestosterone, is related to the methylation 
of guamdoacetic acid Borsook et al (12) have presented evidence that 
guamdoacetic acid is formed m the kidnej'S m the human Methyltestos- 
terone admmistered to patients with severe nephntis mduced neither 
creatmuna nor a significant nse m serum creatme (2) These obsenm- 
tions are consistent inth the hjTiothesis that methyltestosterone mcreases 
the rate of formation of creatme specifically by its effect on the S 3 mthesis of 
guamdoacetic acid There is therefore no necessity of postulatmg that 
methyltestosterone acts m any way as a “methylatmg catalyst” (13) 

That the rate of creatme turnover is mdependent of the methiomne 
content of the diet has been obsenmd by Cohn et al (4) It would appear 
that the rate of synthesis of creatme is detenmned under their conditions 
either by the late of synthesis of guamdoacetic acid or by the concentra- 
tion of the enzyme or enzymes available for the process of methjdation 
Further it has been observed m the human that oral tolerance to guamdo- 
acetic acid is not mcreased by the administration of an equivalent amoimt 
of methiomne ^ It u ould therefore seem most probable that durmg the 
admmistration of methyltestosterone the rate of synthesis of creatme is 
limited by the concentration of catalysts reqmred for the methylation of 
guamdoacetic acid 

The authors msh to acknowledge the capable techmcal assistance of 
Mrs hlarta Tobey and to thank Mr Joseph Doohttle for perfo rmin g the 
isotope analyses 


SUMMABT 

The effect of methyltestosterone on the rate of synthesis of creatme has 
been studied m a normal human subject by means of isotope methods 
Evidence is presented that methyltestosterone promptly brought about an 
increase m the rate of ^mthesis of creatme That this is specifically due to 
the effect of methyltestosterone on the reaction or reactions mvolved m the 
synthesis of guamdoacetic acid is mdicated by other data 


* Unpublished observations 
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SOIklE PROPERTIES OF AN UNIDENTIFIED CHICK GROWTH 
FACTOR FOUND IN CONDENSED FISH SOLUBLES'" 


Bt A R ROBBLEE, C A NICHOL, W W CRAVEXS, C A ELVEHJEIM, 

A^B J G HALPIN 

{From the Departments of Poultry Husbandry and Biochemistry, College of Agriculture, 
University of Wisconsin, Madison) 

(Received for publication, December 4, 1947) 

In prenous papers (1, 2) evidence was presented to show that condensed 
fish solubles produced a marked mcrease m the growth rate of chicks on 
diets containmg an adequate level of vitamins and essential ammo acids 
Berry, Carnck, Roberts, and Hauge (3) found that a water extract of fish 
solubles was also active m stimulatmg the growth of chicks Ver}’’ httle 
other information on the properties of the unidentified growth factor m 
fish solubles is available The present mvestigation was undertaken to 
study some of the properties of the factor 

EXPERIMENTAL 

The chicks used were day-old straight run (New Hampshire cf cP X 
smgle comb white Leghorn 9 9) cross-bred chicks which ivere the progeny 
of hens on Diet B-1 desenbed prenously (2) The experimental gioups 
were housed m electncally heated battenes mth raised screen floors The 
chicks were mdividually v ing-banded and were weighed at the begmnmg 
of the experiment and at weekly mtervals thereafter Feed and water were 
supphed ad libitum The experiments were terminated at the end of 4 
weeks The basal ration was the same as that reported m previous studies 
(1, 2) and consisted of ground yellow corn 35, wheat bran 10, wheat imd- 
dhngs 10, dehydrated alfalfa leaf meal 5, soy bean od meal 28, vitamm test 
casern 7 5, limestone gnt 2 0, steamed bone meal 1 5, iodized salt 0 5, fish 
oil (2000 vitamin A, 400 vitamm D umts) 0 5, and manganese sulfate 0 025 
gm , thiamine 0 3, nboflavm 0 6, macm 5 0, calcium pantothenate 2 0, 
pyndoxme HCl 0 4, mositol 100 0, cholme 150 0, p-ammobenzoic acid 10, 
biotm 0 02, fohe acid 0 05, menadione 0 05, and a-tocopherol 0 3 mg 

* Published i\ith the approval of the Director of the Wisconsin Agncultural E\- 
penment Station Supported in part from funds supplied by the Borden Companj , 
Non York, and bj the Commercial Soh ents Corporation, Terre Haute, Indiana We 
arc indebted to Merck and Companj , Inc , Rahw aj , New Jersey, for crj stalline vita 
mins, to Dr B L Hutchings of the Lederle Laboratoncs Diiision, 4mencanCjan- 
amid Companj , Pearl Rucr, New York, for sjmthetic folic acid, and to the Borden 
Companj , New York, for the supplj of condensed fish solubles 
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Solubility of the factor was tested in water, 70 per cent MeOH, absolute 
hleOH, 70 per cent EtOH, 95 per cent EtOH, acetone, and ether The 
water, alcohol, and acetone extracts weie prepaied in the following waj 
A w^eighed quantity of condensed fish solubles was mixed with sufficient 
solvent to result m the desired concentration alloiving for the volume of 
watei present in the fish solubles (50 pei cent solids) The mLxture was 
stirred mechanically for 1 hour at loom temperature and filtered with 
suction through a Whatman No 42 filter paper The residue w^as ree\- 
ti acted twice with solvent of the desiied concentration The combmed 
filtrates ivere concentrated and the oigamc solvents removed by distillation 
undei reduced pressure The residue remaining in the distillation flask 
was taken up m water 

The ether extraction was carried out for 24 hours with a hquid-liquid 
extractor which is a modification of the one described by Hossfeld (4) 
Dialysis of fish solubles against distilled water was continued for 48 
hours Synthetic sausage casmg membrane was used 
The extracts and the msoluble residues were mixed directly into the basal 
ration at a level equivalent to either 3 per cent or 6 per cent of the onginal 
condensed fish solubles 

The results are presented in Table I In each tnal the unsupplemented 
basal group and the group fed the basal ration supplemented ivith 3 per cent 
condensed fish solubles serve as negative and positive controls The aver- 
age weight of the chicks in each lot at 4 weeks of age is reported A direct 
companson of lots in different tnals can be made by considering the per 
cent response which is calculated by considering the difference between 
the negative and positive contiols as 100 per cent 
In confiimation of the observation of Berry et al (3) the active piinciple 
wms found in the wmter extract (Lots 3 and 12) Some growth-promoting 
activity remained in the residue (Lots 4 and 13) The groivth factor was 
extracted by 70 per cent MeOH (Lots 18 and 32) and by 70 per cent EtOH 
(Lot 14) With these solvents the degree of extraction was compaiable to 
that obtained with water Filtration and distillation wmre facditated bj^ 
the alcohols The absolute methanol extract (Lot 20) caused some pro- 
motion of growth but a greater part of the activity was present m the 
residue (Lot 21) m contrast to a lower concentration of this solvent 
The precipitate formed m 95 per cent EtOH at -4° (Lot 28) contained 
full giowdh-promotmg activity, and only very shght solubility of the factor 
was evident under these conditions (Lot 27) In acetone the factor was 
completely msoluble (Lot 25) and full activity wms piesent m the residue 
(Lot 26) 

Dialysates of condensed fish solubles (Lots 22, 35, and 39) gave a full 
response, indicating that the factor is readily dialyzable through synthetic 
sausage casmg membrane The growdh stimulation obtained was of the 
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same order as that vath water, 70 per cent MeOH, and 70 per cent EtOH 
extracts 


Table I 


Average Weight and Comparalive Response of Chief s to Various Fractions of Condensed 

Fish Solubles 


Trial No 

Ixjt No 

Supplement to ba$al ration 


A\ erage 
n eight 

4 wLs 

Response 




per cent 


Per cent 

1 

1 

Jfone 


173 



2 

3% fish solubles 


233 

100 


3 

HiO extract, fish solubles 

s6 

247 

123 


4 

Residue, Lot 3 


220 

88 


5 

Ether extract, fish solubles 

s6 

163 

-17 


6 

Residue, Lot 5 

e6 

246 

+122 



As Lot 2, pH 1, autoclaxed 20 mins , 15 

=3 

171 

-3 


WM 

lbs 






As Lot 2, pH 7, autoclaved 20 mins , 15 


198 

42 


■■ 

lbs 





■■ 

As Lot 2, pH 12, autoclaved 20 mins , 15 


168 

-8 



lbs 




2 

10 

None 


232 



11 

3% fish solubles 


307 



12 

H«0 extract 

s3 

287 

73 


13 

Residue, Lot 12 

s3 


24 


14 

70% ethanol extract 

s3 

285 

71 


15 

Residue, Lot 14 


253 

28 

3 

16 

None 


197 



17 

3% fish solubles 


261 



18 

70% methanol extract 

=6 

278 

126 


19 

Residue, Lot 18 

s6 

231 

53 


20 

Absolute methanol extract 

s6 

266 

108 


Si 

Residua, Lot 20 

=6 

274 

120 


22 

Dialysate, fish solubles 

=3 

264 

105 

4 

23 

None 


209 



24 

3% fish solubles 


298 

100 


25 

100% acetone extract 

=3 

217 

9 


26 

Residue, Lot 25 

=3 

306 

108 


27 

95% ethanol extract, —4° 

=3 

241 

35 


28 

Residue, Lot 27, —4° 

=3 

312 

115 


29 

Enzj me digest 

=3 

306 

108 

5 

30 

None 


192 



31 

3% fish solubles 


300 

100 


32 

70% methanol extract 

=3 

303 

103 

6 

33 

None 


243 



34 

3% fish solubles 


288 

100 


35 

Dialysate, fish solubles 

s3 

284 

91 


36 

Residue, Lot 35 


274 

69 
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PROPERTIES OP cmCK GROWTH FACTOR 


1 Soluble in water, 70 per cent methanol, 70 per cent ethanol 

2 Somewhat soluble in absolute methanol and very slightly soluble in 
95 per cent ethanol 

3 Insoluble m ether and acetone 

4 Dialyzable through a cellophane membiane 

5 Heat-stable (100° foi 2 hours) over a range of pH 3 to 9, no loss in 
activity was caused by enzymatic digestion 
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THE EFFECT OF SYNTHETIC PTERINS ON GROWTH 
AND HEMOGLOBIN FORMATION IN THE CHICE;* 
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(Received for pubbcation, December 11, 1947) 

As early as 1936 Tschesche and Wolf (1) reported that certain ptennsi 
especially xanthoptenn, were effective in alienating the anemia which 
develops m rats fed a goat’s milk diet Simmons and Norris (2) reported 
the hematopoietic effect of xanthoptenn on an anemia m fingerhng Chmook 
salmon which was produced by feedmg a high protem diet Totter and 
Day (3) found that xanthoptenn had a partial effect m overcommg grovffh 
inhibition and leucopenia m the rat caused by the feedmg of succmylsulfa- 
thiazole Totter, Shukers, Kolson, Mims, and Day (4) reported that 
xanthoptenn cured vitamm M deficiency m the monkey, and stated that 
then data suggested that xanthoptenn is required by the monkey for nor- 
mal hematopoiesis On the other hand, O’Dell and Hogan (5) found that 
xanthopterm had no curative action on anemia m chicks fed a diet deficient 
m vitamm Be 

Thymme, when admimstered m large amounts, has been found bj’’ Spies, 
Vilter, Chne, and Frommeyer (6) to be effective m correctmg certam human 
macrocytic anemias Petermg and Delor (7) have reported that thjTnme 
cannot substitute for fohe acid m the nutntion of the rat 

The study reported m this paper was undertaken to determme the bi- 
ological activity for the chick of a number of sjmthetic ptenns and pyn- 
midmes, several of vhich have been reported by Darnel and associates 
(8, 9) to have an mhibitory action on the growth of five species of bactena 
Approximate^ 60 compounds have been studied, but only those showmg 
either vitamin or antmtamm activity mil be discussed here 

EXPERIMENTAL 

■Ml axpemnents were conducted with day-old vhite Leghorn cockerels' 
ivhich V. ere housed m electncally heated battenes m a thermostatically 
controlled brooder house All chicks were on wire mesh floors Feed and 

* This vorL was undertaken in cooperation with the Ofihee of Naval Research, 
Lavy Department, Washington, D C , and n as aided 63 grants to Cornell University 
by Ceroph 3 l Laboratones, Inc , Kansas Cit 3 , ALssoun, the Nutntion Foundation, 
lac , New York, and the Western Condensing Company, Appleton, Wisconsin The 
TOrk a as conducted in the Nutntion Laboratones of the Department of Poultry 
Husbandry 
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water weie supplied ad lihiium Each treatment was started with fifteen 
clucks 

The chicks weie fed puiified Diet 653, as desciibed by Hill Noiris, and 
Heusei (10) Miciobiological assays, conducted upon the diet after it 
had been incubated with a folic acid conjugase pieparation fiom fresh chick 
hvei , showed that this basal diet contamed approximately 2 7 of folic acid 
per 100 gm 

The chicks weie weighed mdividually at weekly intervals Hemoglobin 
levels weie determmed at the end of the expeiunent (4 iveelcs) by the me- 
thod of Robertson and Fiala^ with 0 1 per cent NazCOs and by measuring 
the oxyhemoglobm coloiimetrically with a Coleman spectrophotometer 

Compounds Studied — The pterms and pynmidmes used m these exiieri- 
ments were synthesized by Cam and associates of the Chemistry Depart- 
ment, Cornell University The syntheses of some of these compounds 
have already been reported (11, 12) The names and ioimulas oi the 
compounds used are piesented in Table I, foi the simplification of which 
the two general stnictural formulas aie presented 


N N 



(I) 


N N 

R"— ff R 


R'— 1 


sN 

NHs 

( 11 ) 


Expenment 1 — In this study, a factoi S concentrate equivalent to 5 per 
cent dried brewers’ yeast was added to the basal diet This supplementa- 
tion mcreased the fohc acid content to 15 7 per 100 gm of chet p-Ammo- 
benzoic acid (PABA) was onutted from the basal diet Each compound 
was added to the diet at a level of 20 mg pei 100 gm , with the exception of 
thymine, w^hich was included at 500 7 per 100 gm 
The results of Experiment 1 are presented in Table II The data show 
that many of the pterins and pyrimidines caused a significant mcrease m 
weight, although not in hemoglobin level One pteim, 2-ammo-4-hydro\T- 
6,7-dimethylpteridme (Compound 14), had a marked mhibitory effect on 
giowth and hemoglobin formation Seveial compounds reduced the hemo- 
globin content, and m one case, 2-amino-4,6-dihydroxy-7-methylpteridine 

(Compound 18), increased the weight but decreased the hemoglobin level 
Compounds 12, 13, 19, and 27 produced about a 50 gm inciease in iveight 
ovei that of the controls at 4 -weeks of age These differences proved to be 


‘ Robertson, E I , and Fiala, G P , unpublished data 



DVNIEI., SCOTT, NORRIS, AND HEITSER 


127 


highly significant when the data were analyzed statistically Thymine 
caused a 30 gm increase in i\ eight which nas not statistically sigmficant 
Expenmcnis 2 arid 3 — ^For all subsequent studies it was decided to sub- 
stitute crude for punfied casein, to omit the factor S preparation, and to 
supply 15 y of S3mthetic fohc acid per 100 gm of diet along mth 0 01 per 
cent PABA 


Table II 


Growth and Eemoglohin Responses of Chicks to Synthetic Pterins and Pyrimidines 


Sappicment Com- 
pound No 

! Average veight 
[ 4 wks 

1 

' Av crape 

Statistical data 

bin 4 vrks 

Weight 

Hb 


; 

' gm per lOO 
ml 



None* 

175 (14) t 

6 2 



SO y folio acid 

305 (15) 

8 4 

Highly sigmficant 

Highly sigmficant 

3t 

185 (12) 

5 6 



5 

211 (15) 

6 2 

Significant 


6 

215 (15) 

5 7 



11 

166 (11) j 

4 6 


Significant! 

12 

220 (15) 

54 ! 

Highly sigmficant 


13 

228 (15) 

6 5 j 

(( It 


14 

124 (12) 

3 3 

“ “ § 

Highly sigmficant! 

18 

216 (12) 

43 , 

Significant 

Sigmficant! 

19 

228 (13) 

6 9 

Highly sigmficant 


22 

176 (14) 

5 5 



23 j 

212 (15) 

57 i 

Significant 


24 

217 (IS) 

6 0 

it 


25 

165 (14) 

47 


Sigmficant! 

26 (Thymine) 

207 (14) 

6 3 

i 


27 

232 (15) 

7 0 

Highly sigmficant 


28 (Alloxan) 

211 (14) 

6 2 

Significant j 



* The basal diet contained a crude preparation of factor S which brought the total 
amount of folic acid in the diet to 15 y per 100 gm 

t The numbers in parentheses represent the number of surviving chicks of the 
fifteen started 

t The compounds were added at a level of 20 mg per 100 gm of diet, with the ex- 
ception of thymine, which was at 500 y per 100 gm 
§ Less than the controls 

The results of Experiments 2 and 3 are presented m Table III The 
most strikmg effect produced by the compounds used in Experiment 2 n as 
upon hemoglobm formation The acid denvatives, especially the 7-car- 
boxjqitendmes (Compounds 7 to 10), were the most effective As found 
in Experiment 1, Compound 14, 2-amino-4-hydroxj’'-6,7-dimethylptendme, 
caused a decrease m weight that w^ significantly different from that of the 




128 


EFFECT OF PTERINS ON GROWTH AND HB FORMATION 


controls Howevd, in tins expenment the hemoglobin was unaffected by 
this compound 

The only pteiin in Expeiiment 3 winch had any effect was 2-ainino-4 
hydroxy-6, 7-diphenylptendme (Compound 20) It markedly decreased 

Table III 


Growth and Hemoglobin Responses of Chicks to Several Series of Related Pterins 


Expenment No 

Supplement Com- 
pound No 

Average 
weight, 4 
wks 

Average 

hemo- 

globin, 

4 wks 

Statistical data 

Weight Hb 




gut per 

i 





100 ml 



2 

None* 

196 (15)t 

6 1 




50 y folic acid 

280 (15) 

10 4 

Highly significant 

Highly significant 


3t 

204 (12) 

6 4 




4 

188 (14) 

7 1 


Significant 


5 

197 (14) 

6 6 




6 

201 (13) 

7 7 


Highly significant 


7 

238 (15) 

8 3 

Significant 

(1 


8 

217 (14) 

9 8 


u n 


9 

203 (15) 

7 7 


It If 


10 

225 (14) 

7 6 


ci If 


14 

152 (12) 

5 6 

Significant§ 



15 

188 (14) 

5 6 




16 

185 (13) 

6 7 




17 

185 (14) 

6 6 



3 

None* 

191 (11) 

6 1 




50 y folic acid 

262 (15) 

8 7 

Hitrhlv significant 

Highly significant 


1 

168 (13) 

5 2 




2 

176 (15) 

5 5 




20 

107 ( 7) 

3 8 

Highly significant§ 

Significant§ 


21 

162 ( 9) 

5 4 




26 (Thyrmne) 

155 (13) 

5 6 

1 

Significant§ 



* The basal diet of both experiments contained 15 y per 100 gm of added s3'nthetio 
folic acid 

I The numbers in parentheses represent the number of surviving chicks of the 
fifteen started 

t The compounds were included at the level of 20 mg per 100 gm of diet, including 
thymine 

§ Less than the controls 

growth and produced a significant lowenng of the hemoglobm level In 
this experiment thymme, at 20 mg per 100 gm of diet, decreased groivth 
somewhat, but had no effect upon the hemoglobm level 

Expenment 4 — ^Experiment 4 was designed to study the oral versus the 
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injected administration of 2,4-diammo-6,7-diplien3>'lptendme (Compound 
21) and to repeat the feedmg of 2-amino-4-hydro\3'--6,7-diphenylptendme 
(Compound 20) Crude casern, PABA, and 15 y of folic acid per 100 gm 
were mcluded m the basal diet All compounds admmistered orally were 
mcluded at the level of 20 mg per 100 gm of diet One lot received 50 
7 of Compound 21 dissolved in 0 5 ml of phj’-siological salme by mjection 
into the breast muscle of each chick twnce a day for the 1st v eek There- 
after, 1 ml of this solution was injected daily At the end of the 4th week, 
approximately 1 ml of blood v as removed from the ving vem of each chick 
in all lots The blood from five chicks was pooled, and folic acid was 

Table IV 

Efect of S,4-Diaminopteridine (Compound 21) and Its 2-Amtno-^-hydroxy Analogue 
(Compound £0) upon Growth, Hemoglobin Formation, and Folic Acid Content of 
Liver and Blood tn Chicl s 


! 

Supplement Compound 2s 0 | 

A>erage wcjsbt 4 wks 

Average hemo* 
globin 4 wLs ^ 

Folic acid m 

Lner* | 

Bloodt 


m 

gm ptT 100 ml ' 

y i 

my per ml 

Nonet 

238 (15)§ 

8 1 

6 4 

1 11 

21 (injected) 

244 (15) 

74 

3 0 

0 68 

21 (in feed) 

242 (15) 

7 3 1 

2 9 

0 62 

20 " “ 

222 (15) 

6 9|| 

1 3 

0 25 

50 7 folio acid 

241 (14) 

8 1 

7 8 

0 91 


* Average of ten livers per lot 

t Every value is the average of three samples, each contaimng the pooled blood 
from five chicks 

f The basal diet contained 15 y of added synthetic folic acid per 100 gm 

§ The numbers in parentheses represent the number of surviving chicks of the 
fifteen started 

II This value is sigmficantly lover than that of the control 

determined on each pooled sample The livers were removed from ten 
chicks m each lot and the amount of free fohc acid was determmed on each 
liver Fohc acid v as detennmed by a modification (8) of the Sireptococcus 
faecalts method of Luckej’’, Briggs, and Elvehjem (13) The samples of 
blood V ere diluted 1 2 with H-0 and steamed for SO mmutes, after which 
they were filtered through Whatman No 44 filter paper with Cehte filter 
aid and suction The livers were ground mdhvidually m a Warmg blendor 
in phosphate buffer at pH 7 0, centrifuged, made to the desired concentra- 
tion, autoclaved for 15 mmutes, and filtered 

The results of Experiment 4 are presented m Table W It is apparent 
from the data that the chicks grew better on the fohc acid-deficient diet 
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ni Expeiiment 4 than m Expeiimeuis 2 and 3 Despite the fact that tlie 
growth 1 espouse in the lot receiving 50 y of folic acid pei 100 gm of diet ii as 
not quite up to that obtained in the pievious expeiiments, the microbi 
ological data for this lot appear to be in accord with the lest of the data 

There weie no differences in the lesults obtained when Compound 21 
was injected as compaied to its oial admmistration Compound 20, 2 
ammo-4-hydroxy-6,7-diphenylpteridine, caused a significant deciease in 
hemoglobm level, but did not affect weight The folic acid values for the 
hvei and blood weie decidedly less when eithei of the pterins was supplied 
Compound 20, howevei, produced the greatest deciease m the liver and 
blood folic acid, these values bemg reduced in this case to appioximately 
25 per cent of those of the control lot 

Experiment 5 — This study was conducted to deteimme whethei or not 
the addition of a sulfonamide togethei mth pteim. Compound 14, would 
mcrease oi deciease the inhibitory effect of this pterin upon chick grovth 
and hemoglobin foimation Infoimation was also desiied as to whether 
the inhibitoiy effect of the pterin alone could be neutralized by added folic 
acid PABA ivas omitted fiom the diet of the chicks receiving the sulfona- 
mide A complete blood study was made on five clucks fiom the lot re- 
ceiving 15 7 of folic acid and on five chicks from the lot leceivmg 15 7 of 
folic acid plus pterin No 14 The lesults of the experiment aie presented 
m Table V As in Experiment 4, the growth and hemoglobm levels of the 
chicks receiving 15 7 of folic acid pei 100 gm of diet were unusually high 
A possible explanation of tins apparent reduction in folic acid requirement 
IS that Experiments 4 and 5 were conducted with clucks from hens having 
access to the gieen range of early summer Eggs from such hens may con 
tain a larger storage of folic acid, wluch w ould allow eludes from these eggs 
to mamtain a lughei growth rate for the 1st few weeks on a folic acid-de 
ficient diet 

Compound 14, 2-amino-4-hydioxy-6,7-dimethyIpteiidme, again signi- 
ficantly depressed giowth and hemoglobin formation The addition of 60 
7 of folic acid to the 20 mg of Compound 14 caused a 74 gm inciease m 
weight and an mcrease in hemoglobin level of 1 4 gm per 100 ml of blood 
Howevei, these values, especially the hemoglobin level, are not quite 
nonnal Evidently enough folic acid had not been added to counteract 
completely the mlubitoiy effects of the compound 

In Experiment 5, 2 per cent succmylsulfathiazole did not depress growth, 
but did deciease the hemoglobm level significantly This is contrary to 
the earhei findings of Robertson, Daniel, Farmer, Noiiis, and Heuser (14) 
However, it may be explained by the fact that m the present ivoik crude 
casern ivas used mstead of the puiified casein used earlier Nevertheless, 
the addition of Compound 14 to 15 7 of folic acid and 2 per cent sulfona- 
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nude did not alter the usual inhibitoiy effect obtamed with this ptenn 
From these data it may be stated that the sulfonamide-sensitive bactena 
m the intestmal tract of the chick were not responsible for the antagonistic 
action of this ptenn 

The results of the blood study mdicate that the addition of the com- 
pound caused a decrease m red blood cells, a decided lowenng m hematocnt, 
and a resultant macrocjdic anemia Tlie unusual responses to 15 7 of 
fohc acid per 100 gm of diet by these chicks were substantiated by the 
blood picture The number of red blood cells was almost normal, as was 


Table V 

Effect of Fohc Acid and Sulfonamide on Action of 2-Amino-4-hydroxy-6,7-dimethyl- 
plertdinc (Compound I 4 ) m Chicks 


Supplement 

cragc 

V eight 4 wks 

1 Average 
hemoglobin, 
4 wks 

Av erage 
red blood 
cells 

1 

1 Average 

1 hematocnt 

Average 
mean cor 
puscular 
volume 




gm 

gtn ptr 100 
ml 

' milhons 
[ per e mm 

ml per 100 
ml 

1 

cu microns 

IS y folic acid 


270 (14)* 

9 5 

2 26t 

29 

127 

60 “ “ 

(C 


307 (15) 

9 0 




15 “ “ 

“ -f ptennt 

208 (14) 

5 6 

0 97 

14 

148 

60 “ “ 

t( ^ it 

1 

282 (13) 

7 0 

i 



15 " " 

“ + 2% 

sulfon- 

255 (15) 

7 0 




amide§ 








15 y fohc acid -f 2% 

sulfon- 1 

219 (13) 

5 0 

i 



amide + ptenn 








* The numbers in parentheses represent the number of surviving chicks of the 
fifteen started 

t The values in the last three columns are the averages of determinations on five 
chicks 

t Ptenn added at 20 mg per 100 gm of diet 

§ Succinjlsulfathiazole 

the hematocnt The ceils u ere slightly macroc 3 rtic when compared with 
those of the chicks receivmg a higher level of fohc acid reported m the 
Experiment G 

Experiment 6 — The purpose of Experiment 6 was to determine whether 
a high level of fohc acid would overcome the antagonistic action of an 
mhibitory pterm, and to ascertain anj-^ differences resultmg from mjectmg 
the compound, as compared to its oral admmistration At the end of this 
expenment a complete blood study u as performed on eight chicks from each 
lot The results of Expenment 6 are presented m Table VI 

The addition of a 1 datively large amount of fohc acid completdy cor- 
rected the low hemoglobm level mduced bj’' the ptenn, and restored prac- 
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tically noimal giowth The slight difference in weight between the lot 
receiving the pteiin plus 200 7 'of fohc acid and the lot leceiving 200 y of 
folic acid alone did not piove to be significant The data on the blood 
pictuie verify the evidence obtained in Expeiiment 5 that the inlubitory 
effect of the pterin can be overcome by adding sufficient fohc acid 

Oial administration of the pterin caused a somewhat more severe anemia 
than was obtained on the basal level of fohc acid alone The hemoglobin 
was decreased, as were the hematociit and the number of led blood cells 
The mean coipusculai volume, howevei, was unchanged The fohc acid 


Table VI 

Effect of Injecting and Feeding 2-Amino-I-hydroxy-6 ,7 -dimcthylplcridinc (Compound 
14) 1 Counteracting Effect of Fohc Acid 


Supplement 

Average ' 

weight, 4 wks 

Average 
hemoglobin, 
4 vks 

Average 
red blood 
cells 

Average 

hemato- 

crit 

Average, 

mean 

corpus 

cular 

volume 

Folie 
acid in 
blood* 


gm 

1 

£m per 160 
ml 

mtUtons 
per c mm 

ml per 
100 ml 

cu 

mtcrofjs. 

my fer 
ml 

15 7 fohc acid 

151 (14)t 

5 9 

0 96t 

CO 

130t 

1 08 

15 “ “ “ -f- pterin (oral)§ 

99 (10) 

4 2 

0 88 

11 

1 131 

0 63 

15 “ “ “ -f pterm (in- 

127 (15) 

52 1 

1 26 

18 

! 142 

1 07 

]ected)|| 

200 7 fohc acid + pterin (oral) 

241 (11) 

1 

9 9 

1 

2 60 

29 

1 

112 : 

4 67 

200 “ fohc acid 

272 (12) 

10 3 

2 42 

28 

114 

CO 


* Each value is the average of three samples containing pooled blood from four to 
five chicks 

t The numbers in parentheses represent the number of surviving chicks of tko 
fifteen started 

t The values in these three columns aie the averages of deternunations on eight 
chicks 

§ Ptdrin added at 20 mg per 100 gm of diet 

II Pterin injected intramuscularly at the level of 100 7 per day 

content of the blood was decreased The mjection of the pterm at a level 
of 100 7 per chick per day was much less effective in producing inhibition 
than when it was added to the feed Howmver, the amount of pteiin con- 
sumed per chick per day in the feed w-as from 1400 7 the 1st wmek to 2000 7 
the 4th week The addition of 200 7 of fohc acid to the feed contaming the 
pterm corrected all phases of the anemia 

DISCUSSION 

The data presented in this report indicate that several pterins and pyn- 
midmes were utilized by the chick foi growdh and hemoglobin formation on 
a fohc acid-deficient diet However, the responses w''ere not mavimiim, 
even when the amount fed was approximately 400 times the fohc acid 
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requirements for growth and hemoglobm formation in white Leghorn 
chicks In the course of these studies, tn o ptenns were found to inhibit 
growth and hemoglobm formation markedly vs hen added to a diet containmg 
a suboptunum level of fohc acid 

The presence of folic acid m a suboptimum amount was found to be 
necessary to effect any response from the compoimds In preliminaiy 
experiments not reported here, several of the same ptenns that showed a 
growth response in Experiments 1 and 2 were meffective when supple- 
mentmg the basal diet contammg no added fohc acid The ptenns that 
inhibited chick growth could not be expected to have an effect on this 
diet which is severely deficient m fohc acid, except to mcrease mortahty, 
since the weights of the sumvmg chicks were very low (100 gm at 4 
weeks) A possible explanation for the grow th-promoting effect of several 
of the ptenns on the diet contammg a low level of fohc acid only is that the 
intestmal bactena, m the presence of fohc acid, are able to grow and thereby 
convert these compounds into substances havmg fohc acid activity for the 
chick Without fohc acid, how ever, this synthesis does not occur How- 
ev'er, it is doubtful whether much synthesis of fohc acid takes place on this 
diet m the presence of 2 0 per cent succmylsulfathiazole It is possible 
that other necessai^^ precursors of fohc acid are not present m the diet 

Greater increases m growth occurred when the crude factor S fraction was 
present m the diet than w hen synthetic fohc acid was added at the same 
level as that supphed by the factor S preparation It is doubtful whether 
this response can be attnbuted to factor S (strepogenm) itself, smce m Ex- 
periments 2 and 3 crude casern was used, and this product contains factor 
S far m excess of the factor S requirement of the chick, as reported by 
Scott, Noms, and Heuser (15) It is possible that some other substance 
present m the crude preparation may have enabled the mtestmal bactena 
to synthesize more fohc acid from these compounds 

It IS of mterest to compare the microbiological results obtamed with some 
of these compounds with the results obtamed wuth the chicks The 2,4- 
diammoptenns markedly inhibited bactenal growth On the other hand, 
these ptenns had no effect on growth or hemoglobm formation m the chick 
Tw 0 compounds, how ever, w hich consistently mhibited growijh and hemo- 
globm formation, were 2-ammo-4-hydroxy-6,7-dmiethylptendme (Com- 
pound 14) and 2-amino-4-h5'drox3'-G,7-diphenylptendme (Compound 20) 
These ptenns resemble the ptendme nucleus of fohc acid m the 2 and 4 posi- 
tions, and are therefore more nearly similar to the pterm of fohc acid than are 
the 2,4-diammoptenns In Exiieriment 4, the blood and liver fohc acid 
values mdicated that ev en the diammoptenn affected fohc acid metabohsm, 
although the 2-ammo-4-hydroxy analogue was more effective How ever, 
the fact must not be overlooked that the fohc acid values were measured 
by Streptococcus faecalis assay, and this orgamsm showed an antibacterial 
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inde\ of 8 foi this compound (8) All of the decrease m folic acid content 
of the blood and hvei of chicks leceiving this pteiin may have been due 
to the piesence of unchanged 2,4-diammo-6,7-diphenylptendine, which 
inhibits the response of Sii eptococcus faccahs The 2-ammO'4-hyclio\v- 
6,7-diphenylpteiidine does not cause inhibition of Sb eptococcus jaccih 
Thus the deciease in folic acid content of the blood and liver in this case 
was a dnect effect It is veiy probable that this compound (Compound 
20) and 2-ainino-4-hydio\y-6,7-dimethjdpteiidine (Compound 14) are 
antifohc acid compounds in the metabolic piocesses of animals, since folic 
acid was capable of ovei coming the inhibition The piesence of either one 
in the blood may prevent the stoiage of folic acid in the livei as it is ab- 
soibed, or may cause a depletion of folic acid m the hvei by demandmg a 
gieatei lelease of the vitamm fiom the liver to compete ivith the foreign 
pterm 

The diammopteiins w^ere no moie effective when mjected than when 
administered oially In neithei case did these pterins mterfere with groivth 
and hemoglobm foimation The folic acid levels of the liver and blood of 
both lots wei e the same Thei efoi e, the absoi ption of the compound must 
have occuired vuthout alteiation m the mtestinal tract On the other 
hand, theie was a difference m response betw'een the injected and oially 
admmisteied 2-ammo-4-hydio\y compound This compound, "when fed, 
was more effective in mhibitmg giowth and lowenng hemoglobin level 
Theie may be two explanations foi this Either the chicles weie not get- 
tmg enough of the compound by injection, or bactena in the tract, not 
affected by sulfonamide, weie needed foi the action of the compound 
The former seems to be moie plausible, since the clucks getting the com- 
pound in the feed consumed about 14 times as much of this pterm per day 
the 1st week and inci easing amounts each succeeding week It is logical 
to suppose that the bactena that are subject to sulfonamide action (folic 
acid-synthesizmg organisms) would be the ones to synthesize an antifohc 
acid fiom the compound fed Yet, the addition of succmylsulfatlnazole 
had no effect on the action of the pteiin 

It IS evident from these experiments that the pterms which inhibited 
chick giowth and loveied hemoglobin formation acted by pioducing a 
folic acid deficiency m the chick This deficiencj'^ was completely prevented 
by the addition of sufficiently laige amounts of folic acid Although clear 
cut evidence was not obtained on the latio of the inhibitoi to i itamin 
(amount of mhibitor to amount of vitamin), it is possible to state that tlie 
range of this index lies between 800 and 1500 

In geneial, the carboxyl deiivatives had the gi eatest beneficial effect upon 
giowth and hemoglobin foimation These compounds also weie active 
m piomotmg some growth of Streptccoccus faecahs (8) 

Thymme has been shown not to substitute for folic acid m the nutrition 



DANIEL, SCOTT, NORRIS, AND HEOSER 


135 


of the chick From the results presented here and those of Petenng and 
Delor (7) on the rat, thymme does not appear to function m these animals 
in the same manner as it does m man (6) 

STOffiURY 

Several synthetic ptenns and pyrimidines have been shown to bnng 
about mcreased grondh and hemoglobin foimation in the chick Two 
ptenns, 2-amino-4-hydio\’y-6,7-dimethylptendmeand 2-ammo-4-hydro\y- 
6,7-diphenylptendme, have demonstrated an inhibitory action which was 
counteracted b}' additional folie acid That the mhibition was due to 
interference with fohc acid metabolism was further mdicated by the fact 
that greatly reduced levels of this vitanun were found m the hver and blood 
after the administration of the ptenn Sulfonamides had no effect on 
this mhibitory action 

Thymme possessed no fohc acid activity for the chick, even when fed at 
high levels 

The authors are mdebted to Mrs Grace Fiala for the blood determma- 
tions, and to Anheuser-Busch, Inc , for stram S dned brewers’ yeast, to the 
Lederle Laboratones Division, Amencan Cyanamid Company, for syn- 
thetic fohc acid and chohne chloride, and to Dr Thomas Spies for thymme 
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A COMPOSITE BASAL MEDIUM FOR THE MICROBIOLOGICAL 
ASSAY OF LEUCINE* 

By MERRILL N CAMIEN and MAX S DUNN 
(From the Chemical Lahoratory, University of California, Los Angeles) 

(Received for publication, November 11, 1947) 

The convenience and utility of microbiological procedures for the deter- 
mination of ammo acids would be mcreased if a smgle mixture contammg 
all of the components of each basal medium could be compounded It 
might be anticipated that such a mixture would be unstable, owmg to mter- 
actions between glucose, ammo acids, and possibly other of the nutnent 
substances, but there appears to be no record of any experimental work on 
this problem Rockland and Dunn (1) have described the preparation m a 
ball mill of mixtures contammg as many as eighteen ammo acids which were 
not noticeably hygroscopic, vere stable for at least 6 months, and were 
employed successfully m the determmation of seven ammo acids Such 
mixtures are bemg used routinely m the authors’ laboratory for the deter- 
mmation of nearly all of the common ammo acids 
A composite basal medium for the assay of leucme has been prepaied and 
stored for 8 months (a) at room temperature m a parafiin-sealed contamer, 
(6) at room temperature m a screw-capped jar, and (c) at about 5° over 
anhydrous calcium chloride The powders were colored slightly yellow and 
the solutions deeper yellow, due primarily to nboflavm The solutions 
yielded by the freshly prepared ammo acids and the composite basal 
medium stored m the refrigerator had identical appearance, while that of 
the medium stored m a sealed contamer was slightly, but perceptibly, 
darker colored The solution of the medium stored m a screw-capped jar 
was somewhat darker than the others The mixtures darkened rapidly (m 
2 days at 40° and m 2 hours at 70°) m accelerated storage tests The com- 
posite medium is readily preserved under anhydrous conditions hut, m the 
presence of moisture, it changes rapidly to a dark sticky mass 
It was found, on tests of these preparations described m the “Expen- 
mental” part, that assaj^ of casern, silk fibrom, and two ammo acid tests 
mixtures gave results for leucme which were identical within the stated ex- 
perimental error to those obtamed with a freshly prepared control basal 

* Paper 45 For Paper 44, see Drell and Dunn, J Am Chem Soc , in press This 
work was aided by grants from Merck and Corapanj , Inc , the Nutntion Founda- 
tion, Inc , Swift and Compan} ,the United States PublicHcalth Service, and the Uni- 
versity of Cahfomia The authors are indebted to S Eidusen, Ruth B Malm, P 
I Reiner, and J Tarbet for technical assistance 
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medium It seems probable that similar basal media could be piepared 
which would be equally satisfactory foi the deteimination of other amino 
acids 


Table I 


Cojnposihon of Basal Medium* 


Constituent 

Weight 

Constituent 

Weight 

Glucose 

£tK 

200 

DL-Noileucinef 

0 92 

Sodium acetate 

120 

DL-Norvahnef 

0 92 

Ammonium chloride 

40 

DL-Phenylalanme 

2 29 

KH2PO4 

5 5 

L-Prolinef 

0 46 

K«HP04 

5 5 

DL-Seiinef 

0 92 

MgSOi 7HeO 

2 2 

DL-Threomne 

0 92 

FeSOi 7 H 2 O 

0 11 

DL-Tiyptophan 

0 46 

MnS04 4HnO 

0 11 

L-Tyrosine 

0 92 

NaCI 

1 0 

DL-Valine 

3 43 

DL-Alaninef 

4 5S 


mg 

L-Asparaginet 

0 46 

Adenine sulfate 2H20 

145 

L-Arginine HCl 

4 5S 

Guanine HCl 2 H 5 O 

137 

L-Cysteine HCl 

0 915 

Uiacil 

132 

L-Glutamic acid 

9 15 

Thiamine HCl 

11 

Glycine 

0 46 

Pj'ridoxine 

18 

L-Histidine HCl HoOf 

0 46 

Calcium-di-pantothenate 

22 

DL-Isoleucine 

4 58 

Ribofiavin 

22 

DL-Lysinc HClf 

0 92 

Nicotinic acid 

22 

DL-Methionine 

0 46 

p-Aminobenzoic acid 

1 1 


- 

Biotin 

7 

65 

Total 



415 ffm 


* The propoitions of the ammo acids were established (unpublished experiments) 
on the basis of the iiutiitional requirements of Laclohacillus arabinosus 17-5 deter- 
mined by Dunn ct al (2) 

t Although this amino acid has been shown to be non-essential for Lactobacillus 
ajabinosiis 17-5 (2), it has been included in the basal medium because of the possi- 
bility that il might be stimulatory at low levels of leucine 

EXPERIMENTAL 

The composite basal medium was piepared by placmg the quantities of 
nutrients designated in Table I in a diy ball mill jar, adding dry stones to 
the jai, and drying the nuxtuie overnight m a vacuum desiccator over 
anhydious calcium chloiide The lid of the jar was sealed with paiaffin 
and the mixtuie was milled foi 20 hours Although the lesultmg fine 
ponder nas quite hygroscopic, it was readily maintained fiee flowing when 
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preserved m a tightly stoppered bottle The composite medium A\as 
readily and completely soluble m cold water, except for a trace of insoluble 
material presumably derived from the ball mdl stones 
The assays were performed as previously described (3) The tubes were 
mcubated for 3 days at 34° and the resultmg acid was titrated vnth standard 
base with bromothymol blue as mdicator Each 4 mch test-tube contamed 
3 ml final volume of solution equivalent to 124 5 mg of the composite basal 


TiBLE II 

Summary of Leucine Assay Data* 


Medium 

Expen 
ment No 

Casern h> drolysatc 
No 

1 

Silk fibroin 
b>droI>sate No 

Gelatin hydroljsate 
No 

Ammo aad 

Test ilixturc 


1 

2 

I 

2 

1 

2 

A 

B 

a 

1 

-96 

9 6 

0 83 

0 87 

3 3 

3 3 

104 

103 


2 

9 4 

9 3 

0 83 

1 0 83 

3 2 

3 3 

100 



3 

9 9 

9 7 

0 86 

0 89 

3 4 

3 4 

104 

112- 

Average 

9 6 ± 0 2 

0 85 ± 0 02 

3 3 ± 0 06 

102 

107 

6 ! 


9 6 

9 5 

0 79 

0 83 

3 3 

3 3 

103 

104 



9 5 

9 5 

0 82 

0 84 

3 3 

3 3 

103 




9 9 

9 7 

0 84 

0 84 

3 4 

3 4 

105 

106 

Average 

9 6 ± 0 1 

0 83 db 0 02 

3 3 ± 0 06 

104 

105 

c 

1 

9 5 

9 3 

0 76 

0 79 

3 2 

3 2 

98 

100 


2t 



0 85 

0 77 






* Values given as per cent of the moisture- and ash-free proteins or as per cent 
recovery from amino acid test mixtures The a\ erage values are given as per cent 
plus or rmnus the mean deviation from the mean Medium o = the freshlj prepared 
imxture of ammo acids, Medium 6 = the composite basal medium stored for Smooths 
at room temperature in a paraffin sealed jar. Medium c = the composite basal 
medium stored for 8 months at room temperature in a screw -capped jar which was 
opened at intervals during the storage period Test Mixture A. simulates casein, 
Test Mixture B, gelatin 

t The available material was insufficient for additional determinations 

medium The samples ueie run at five levels, each m triplicate The re- 
sults are given in Table II 


SU5IMARV 

A drj , composite basal medium has been prepared which, after storage 
for 8 montlis at 5° and room temperature, was shown to be satisfactorj for 
the determination of leucine uath Lactobacillus arabinovts 17-5 It has 
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been suggested that similar basal media could be employed for the deter- 
mmation of other ammo acids 
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GLUCOSE CONTENT OF THE BODY FLUID IN IMARINE 

ANNELIDS 

Bt CHARLES G WILBER 

{From the Marine Biological Laboratory^ Woods Hole, and the Biological Laboratory, 
Fordham Umierstiy, New Yorl) 

(Received for publication, Kovember 19, 1947) 

Bahl (1) maintains that there are 100 mg of glucose m 100 cc of earth- 
worm blood but that there is no sugar m the coelomic fluid On the other 
hand, Damboviceanu (2) foimd no reducmg sugar m the plasma from 
Sipuncultis nitdus There is no information m the literature concemmg 
the sugar content of the bodj’- fluid m manne annehds from the Amencan 
coast A senes of analyses was, consequently, made to ascertam the 
amount of glucose m two common North Amencan marme worms 

Material and Methods 

The worms, Phascolosoma gouldit and Amplnlnte omala, uere obtamed 
m the hvmg condition from the supply department of the Marme Biological 
Laboratory dimng the summer of 1947 Body fluid was carefully removed 
with a hypodermic needle and synnge Only fresh samples were studied 
The amount of glucose m each sample was estimated accordmg to the 
method of Folm (3) A second senes of analyses was made by the method 
of Somogyi (7) Only the latter method was used for the body fluid from 
Amphiinte Another senes of anal 3 ^es was made of flmd from Phas- 
colosoma which had been heated to 30° for 30 mmutes 

Results 

The results are summanzed m Table I which shows that m Phascolosoma 
there is an average of 17 3 mg of glucose per 100 cc of fluid vnth the Folm 
filtrate, but only an average of 4 6 mg per 100 cc vith the Somogju filtrate 
In Amphiinte the Somog 3 u filtrate yields an average of 8 4 mg of glucose 
per 100 cc of body flmd After heatmgP/iascol-osoma to 30° for 30 mmutes, 
there is a marked mcrease m the glucose values with either filtrate Folm, 
30^ mg per 100 cc , Somogyi, 26 1 mg per 100 cc 

DISCUSSION 

The results show that m these two marme worms there is much less 
glucose than m human blood (70 to 90 mg per 100 cc ) or in earthv orm 
blood (100 mg per 100 cc ) The values are, however, smular to tho^p 
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obtained for Stpunculus, winch contains 10 to 25 mg of glucose per 100 cc 
of body fluid (4) 

A companson of the piesent lesults with those of Morguhs (5), who 
studied the blood in Homams, Libima, Calhnecies, and Limulus, and ivith 
those of Myers (6), who analyzed blood fiom Sirongylocenirotus, Cancer, 
and Hahohs, mdicates that the body fluid m the annelids contains appreci- 
ably less glucose than the fluid from othei inveitebiates 
Aremcola manna is another maime annelid which is reported to have a 
relatively low content of sugar m the coelomic fluid (8) 

Table I 

Amoxmt of Glucose %n Phascolosoma gouldtt and tn Amphtlnle ornaia 


Glucose values (in mg per 100 cc of body fluid) are given for the Phascolosoma 
at 20° and after heating to 30° for 30 minutes 



Phascolosoma gouldtt 

Amphitnle ornata 

Sample No 

Fohn filtrate 

1 Somogyi filtrate 















20° 

30° 

20° 

30° 


1 

15 

30 

5 

27 

10 

2 

15 

32 

7 

27 

10 

3 

22 

27 

5 

25 

5 

4 

15 

32 

3 

27 

10 

5 

15 

30 

3 

25 

7 

6 

22 


5 

27 


7 

20 


4 

25 


8 

15 


4 



9 

15 


6 



10 

19 


4 



Mean 

17 3 

30 2 

4 6 

26 1 

8 4 


The mciease m sugar content of the body fluid in Phascolosoma after 
heatmg at 30° for 30 mmutes is mterestmg Appaiently, the increased 
tempeiature stimulated the breakdovni of glycogen stored in the muscles 
or elsewhere Since nothing is known about the mobilization and storage 
of carbohydiates in Phascolosoma, the place of oiigin of the inci eased 
amount of sugai in the body fluid after heating is not at all ceitain A 
change m the relation of sugai values obtained with the Fohn filtiate to 
those obtamed vath the Somogyi filtiate occurred aftei heatmg At 20° 
the 1 elation of Somogyi filtiate sugai to Fohn filtrate sugai is 0 28, after 
heatmg to 30° for 30 mmutes the relation of these quantities is 0 86 These 
tuo latios indicate that there is a real inciease m glucose values m Phas- 
colosoma after heatmg and not chiefly of non-glucose reducing substances 
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SUMMAHY 

1 The amounts of glucose m the body flmds of Phascolosoma gouldii and 
Amphitnte omala •were estunated 

2 It was found that there is an average of 4 6 mg of true glucose per 
100 cc m the flmd from Phascolosoma and 8 4 mg per 100 cc m Amphitnie 

3 After heatmg Phascolosoma to 30° for 30 mmutes the amount of true 
glucose m the body fluid mcreases to 26 1 mg per 100 cc 
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THE PREPARATION OF A SOLUBLE CYTOCHROLIE OXIDASE* 

W W WAINIO, S J COOPERSTEIN, S KOLLEN, A^D B EICHEL 

{From Ihe Department of Physiology, New YorJ University College of 
Dentistry, New York) 

(Received for publication, August 1, 1947) 

Numerous attempts have been made to prepare a soluble cytochrome 
ovidase Most recently, Haas (1) has reported a soluble ovidase prepared 
fiom heart muscle by first grmdmg and autolyzmg and by then exposmg 
the preparation to ultrasonic radiation If true solution m as not achieved, 
at least the particles were reduced m size Later (2) he mdicated that the 
comple\ could be separated mto two components by centrifugation 
at 10,000 R p M for 2 hours 

The use of bile salts to extract or peptize insoluble heart muscle prepara- 
tions (3, 4) suggested to us that the oxidase complex might be dissolved m 
this way Our experunents indicate that Keihn and Hartree’s insoluble 
oxidase complex can be dissolved with the aid of sodium desoxycholate (5) 
The resulting preparation is much more active than the original suspension 
and retains its activity after havmg been centrifuged at 20,000 X ^ for 2 
hours 


EXPERIMENTAI, 

Preparations 

Keihn and Harlree Oxidase (6 ) — ^Fresh lamb heart was minced by bemg 
passed once through a hand-operated meat grmder It was n ashed with 
cold runnmg tap water until the wash water was free or nearly free of hemo- 
globm The washed tissue was then pressed m a bag made of cheese-cloth 
to remove excess water To each 50 gm of heart were added 150 ml of 
ice-cold 0 04 m Naj:HR04-im!!P04 buffer, pH 7 0 The mixtui e was homo- 
genized in a Warmg blender for 2 5 minutes m the cold and then centrifuged 
at 5° for 15 minutes at 3500 r p m (approximately 2500 X g) The cloudy 
supernatant was decanted mto a beaker mthout special precautions (the 
precipitate ivas discarded) and treated vith 25 ml of ice-cold 0 2 sr 
CHjCOONa-CHaCOOH buffer, pH 4 6 The msoluble oxidase complex 
was brought down by centrifugation at 5° for 10 mmutes at 3500 r Pir 
(approximatelj'^ 2500 X g) The supernatant was poured off wuthout 
special precautions The precipitate was weighed and suspended m an 
equal weight of 0 1 m Na2HP04-ICH;P04 buffer, pH 7 4 

• Aided bj a grant from the John and Marj R Markle Foundation 
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Cytochrome c \\as piepaied by the method of Keihn and Haitree (7) with 
the following modifications (1) aftei the piecipitated cytochiome was 
washed wath satin ated (NH 4 ) 2 S 04 , the led solid was dissohed in natei 
and dialyzed overnight agamst watei instead of agamst 1 pei cent sodium 
chlonde, (2) on the followmg day the solution was centiifuged foi 5 mmutes 
at 3500 B p M (2500 X g) m celluloid tubes and the supernatant tyophihzed 
to yield approximate!}'’ 150 mg of c 3 ’tochi ome c pei kilo of beef heai t (52 
pel cent pine) 

Test of Enzyme Activity — The method used foi testmg the activity of the 
cytochiome oxidase complex w'as the one adapted by Haas (1) fiom the 
methods of Keihn and Haiti ee (6) and Stotz, Sidwell, and Hogness (8), 
except that buffei of pH 7 4 w'as used The gas phase w'as an and the 
tempeiature 25° Each Warbuig vessel contamed 3 0 mg of hydioqumone 
in 0 25 ml of water (side aim), 10 mg of cytochiome c in 0 5 ml of w atei, 

0 25 or 0 5 ml of enzjmae piepaiation oi 0 16 pei cent sodium desoxycholate, 
and 0 1 m Na2HP04-IOl2P04 buffei of pH 7 4 to make the total volume 3 0 
ml The uppei limit of the oxygen uptake of this system is appi oximately 
90 c mm in 15 mmutes 

Keihn and Hartree Oxidase — ^When 1 ml of the final Keilm and Haiti ee 
(K and H) oxidase piepaiation w’’as fuithei diluted to 25 ml wath w'atei, 
the piotem content w’’as reduced to somew’’hat less than 1 mg pei ml The 
oxygen consumption was appi oximately 350 cmm pei ml pei houi w'hen 
tested with the hydi oqumone-cytochi ome c-phosphate buffer system The 
results of two typical experiments gave QO* piotem values of 400 and 370, 
respectively 

Effect of Sodium Desoxycholate — The fiist attempt to treat the Keilm 
and Hartiee (K and H) oxidase wath sodium desoxycholate yielded an ac- 
tive piepaiation Centiifugation of the desoxycholate-treated homoge- 
nate (ground m a glass tissue gimdei) for 1 hour at 18,000 X g yielded a 
supernatant w’liich w'as clear and led-biowoi m color When 0 25 ml of 
this concentrated supernatant w'-as tested m the Waibuig lespiiometei, the 
ox 3 ’’gen consumption w'as at a maximum Therefore it was decided next to 
test the effect of dilution on the activity of the complex 

To 2 ml of the cold K and H preparation were added 80 mg of sodium 
desox 3 ’’cholate and the mixtuie was ground intermittently m the cold room 
at 4° foi 10 mmutes Follow’’mg centiifugation at 20,000 X g foi 1 lioui, 
the deal supernatant was decanted and 1 ml was diluted to the desired 
volume wath cold distilled wmtei The results presented m Table I mdi- 
cate that optimum activit}'- w^as reached at a dilution of 1 25, that this 
activitv vas mamtamed, oi perhaps slightly improved, to a dilution of 

1 100, and that thereafter the QO> piotem values declined The dilution 
of 1 25 w as chosen for the experiments that follow, smce at this dilution a 
leasoiiabb’-high, yet submaximum oxygen consumption was obtamed 
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Varying Desoxycholale Concentration — ^The first concentration of desoNA - 
cholate that -was used, as reported above, vras 4 per cent (40 mg per ml of 
K and H o-adase) In order, bovrev er, to conserv e desoxycbolate, it was 
decided to reduce the percentage to a minimum Accordmgh', fiv e prep- 
arations n ere made by grmdmg the K and H ovidase m a mortar at 4° vnth 
V arious amounts of desoxv cholate, namely, 5, 10, 20, 30, and 40 mg per ml 
of K and H oxidase In the expenment reported m Fig 1 the preparations 
w ere centrifuged for 2 hours at 20,000 X g All supernatants u ere decanted 
and diluted 1 25 inth cold distilled water The addition of 20 mg of 
desoxj'-cholate per ml (2 per cent) gave a supernatant of low actmtv 
MTien 30 mg of desoxv’cholate per ml were used (3 per cent), the QOo pro- 
tem u as the expected 1000± The activ itv" was not further improved mth 


Tvbi-e I 
Ejject of Dilution 


Oxidase dilution j 

Protein 

IS mm orvg-en uptal^c 1 

QO proUm 

1 

1 10 

! wi pgr OJ) 

0 515 

c vrr per OJ 3 n! 

7S 

550 

1 25 

0 173 

49 

970 

1 75 

0 05S 

24 

1170 

1 100 

0 052 

20 

1000 

1 150 

' 0 029 

12 

’ 600 

1 200 

0 022 

1 S 

1 ISO 

Control, pH 7 4* 


7 



* 0 25 ml of 0 16 per cent sodium desoxj cholate 


4 per cent desoxj cholate From these results it appeared that, smce 20 mg 
of desoxj'cholate per ml of K and H oxidase were dissolvmg a protem of low 
actn it}^ the addition of more desoxj cholate to the precipitate followmg 
centrifugation should jneld a preparation of much higher actintj 

Partial Purification vnth Dcsoxycholate — ^To 2 ml of cold K and H oxi- 
dase v\ ere added 40 mg of desoxj cholate and the mixture n as ground m- 
termittentlj' m a cold mortar at 4° for 10 mmutes Following centrifuga- 
tion at 18,000 X ^ for 1 hour m the cold room (supernatant termed Fraction 
0-2), the precipitate was ground for 5 mmutes m a mortar uith a cold solu- 
tion of 4 per cent sodium desoxv cholate mO 1 ji Xa:HP 04 -IvH:P 04 buffer of 
pH 7 4 The suspension was centrifuged at 18,000 X for 1 hour and the 
supernatant decanted and termed Fraction 2-4 All supernatants were 
diluted 1 25 iiith cold distilled water as soon as possible after ha>ang been 
decanted The results demonstrated a partial purification of those com- 
ponents of the oxidase complex that mediate the oxidation of hj droqumone 
in the presence of cj-tochrome c The protem of Fraction 0-2 was high m 
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relation to the oxygen consumption, indicating that it consists in large meas- 
ure of protems that are inactive Fi action 2-4 had the remaindei of the 
protems that v ere usually dissolved by 4 per cent desoxycholate and they 
were protems of high activity (QOs piotem_^2480) The supernatant of 
Fraction 2-4 Avas cleai and yelloiv m coloi 


/OPO 



Pesoxqchohfe 

Fig 1 Effect of vinous concentrations of sodium deso\ycholate 

The impoitance of the deso\ycholate-pi otem latio is home out by a con- 
sideiation of the expeiiment lepoited in Table II The addition of 2 pei 
cent of desoxA cholato dissohed much piotein of low activity, whereas the 
addition of 2 5 pei cent of desoxycholate to anothei sample dissolved only a 
little moie piotein and considei abh’’ inci eased the oxygen conMimption 
If the inci ease m oxygen consumption could be atti ibuted to the extra 0 055 
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mg of protem per 0 5 ml , then the QOj protem for that fraction (No 2-2 5) 
could be calculated to be more than 2000 This i alue is of the same order 
as that obtained ivith Fraction 2-3 (2 per cent desoxj cholate foUon ed by 
3 per cent desoxj cholate in 0 1 m Na 2 HP 04 -IQl 2 P 04 buffer, pH 7 4, to the 
precipitate) Fraction 2 5-4 and Fraction 3-4 (preceded by Fraction 0-3 
not tested) show that further mcreases m the amount of desoxixholate 
added cause proteins of loir actii ity to be dissolved agam 

Effect of Sodium Cyanide and Sodium Azide — ^The effect of sodium cj’-a- 
nide and sodium azide n as tested at one concentration of each inhibitor 
The enzyme solution iras a 3 per cent deso\ycholate-K and H oxidase that 
had been centrifuged for 1 hour at 20,000 X g and diluted 1 25 nith cold 
distilled nater Inhibition was complete inth both substances at a final 
concentration of 1 X 10“* M, mdicatmg that cjdochrome oxidase is one of the 
enzymes m the desoxy cholate preparation 


Table U 

Partial Separation unth Sodium Desoxycholale 


Desoxj cholate FracUoa No 

Pfoteifl 

15 mm oxycea uptake 

1 QOj protem 


mg per OJ fnl 

per OJ nj 

1 

0-2 

0 333 

9 

40 

0-2 5 

0 388 

40 

370 

2-3 

0 104 

56 

1920 

2 5-4 

0 0S7 

40 

1650 

3-4 

0 056 j 

19 

930 

! 

Control, pH 7 4*' 

I 

6 



* 0 25 ml of 0 16 per cent sodmra desoxj cholate 


Effect of Carbon Monoxide — ^The enzyme preparation ii as a 4 per cent 
desoxy-cholate-K and H oxidase that bad been passed through a Seitz filter 
The clear red-brown filtrate u as ly ophilized from the frozen state to yield a 
stable preparation The drv preparation (QO. protem 1100) nhich con- 
tained sodium desoxycholate and sodium and potassium acid phosphates m 
addition to the protems was dissoh ed m distilled n ater for use Carbon 
monoxide caused a 68 per cent inhibition durmg the first 15 mmutes m the 
absence of light and the inhibition nas completely reversed nhen the fight 
of a 500 watt projection lamp n as allou ed to fall on the i essels 

Oxidation of Reduced Cytochrome c — ^The enzyme preparation was the same 
lyophihzed preparation that was used in the previous experiment for the 
demonstration of carbon monoxide inhibition The cytochrome c solution 
M as reduced vi ith sodium hy drosulfite and the excess hy drosulfite oxidized 
by aeration The rate of the oxidation of the reduced cydochrome c was 
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Nmufzs 

Fig 2 Change m density (log /o//) of reduced cytochrome c solution with time 
0\idase preparation 0 378 mg of protein per ml The spectrophotometer cell con- 
tained 2 mg of cytochrome c in 1 0 ml of distilled water, 0 4 ml of 0 1 si ICHjPOi- 
Na 2 HP 04 buffer, pH 7 1, and 2 0 ml of distilled water The volume vas brought to 
4 0 ml by the addition of the enzyme solution (0 CO ml ) or of the enz 3 mie solution 
(0 10 or 0 05 ml ) plus distilled nater (0 50 or 0 55 ml ) 



follos\ed sMtli a Beckman spectropliotometei^ at 550 mp (slit siidth 0 02 
mm ) M hen 0 60, 0 10, oi 0 05 ml of the enzyme solution was added The 

1 hfade available tlirougli the courtcsj of Dr H G Albaiim 
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lesults are presented in Fig 2, iihere the densitj'- (log Jo//) of the solution 
of reduced cytochrome c is plotted against the time in mmutes From the 
data obtained with 0 10 and 0 05 ml of the enzyune solution it can be cal- 
culated that the log of the concentration of reduced cytochrome c (log 
CyFe++), when plotted against time m mmutes, yields a straight Ime (Fig 
3) The calculations are made in accord with those reported by Haas, 
Horecker, and Hogness (9) for the reduction of oxidized cytochi ome c by 
cydochrome c reductase of yeast The slope of the hne obtamed nith 0 10 
ml of the enzynne is almost exactly 2 times that obtamed n ith 0 05 ml , in- 
dicatmg that the rate of oxidation is proportional to the enzyrme concen- 
tration 


DISCUSSION’ 

The experiments that have just been discussed were pieceded by many’’ 
attempts to improve the actnuty of the Keilin and Hai tree preparation by’ 
phy’sical means Repeated failures prompted a search for chemical agents 
to dissolve the enzymes It seemed possible that the complex might be a 
lipoprotein, and fat emulsifiers v ere, therefore, considered as active agents 
Immediately thereaftei , the i\ ork of Hopkms, Lutn ak-Mann, and Morgan 
(3) was found, and bile salts, in vien of their surface active properties, 
seemed a reasonable choice The idea that the complex might be a lipo- 
protem has not been discarded 

The constituent enzynnes of this complex that oxidizes hydroqumone in 
the presence of added cytochrome c have been only superficially investigated 
in this n ork Added cy’tochrome c is necessary’ to catalyze the uptake of 
oxygen The piesence of cy tocbrome oxidase is mdicated by the action of 
the thiee inhibitors, sodium cy’amde, sodium azide, and carbon monoxide 
Unfortunately, there are no such inhibitors for the identification of cydo- 
chi ome a 

The use of a buffer of pH 7 4m the test for enzy’me actimty, instead of 
one of pH 7 1, n as a somenhat unfortunate choice, m men of the relatively 
large blank that occurs ii ith the pH 7 4 buffer Hon ever, v hen compara- 
tive studies veie made at pH 7 4 and 7 1, the QO; protein values were the 
same 


SUMJIARX 

1 A soluble and active cvdochrome oxidase has been prepaied by addmg 
sodium desoxy’cholate to a Keilm and Hartree (K and H) oxidase prepara- 
tion from lamb heart 'U’hen tested nith the hydroqumone-cytochrome c 
system at pH 7 4, the enzymes are found m the supernatant after centrifu- 
gation at 20,000 X g for 2 hours 

2 TMien 3 or 4 per cent of desoxy cholate is added to the K and H oxidase, 
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the supeinataat, after high speed centiifugation and dilution, is approxi- 
mately 2 5 times as active as the oiigmal, dilute K and H piepaiation 

3 A iiaitial pm ideation of the oxidase can be effected bj'' adding a solu- 
tion of desoxycholate to the piecipitate of a deso\ 5 ’-cholate-tieated K and 
H oxidase and by discaidmg the lesidue that lemains Separation of the 
precipitate can be accomplished bj’- eithei high speed centiifugation or by 
filtiation thiough a Seitz filtei The QO 2 piotein obtained by such a pio- 
ceduie is appioximatel}'’ 2000 (5 times as active as the K and H oxidase) 

4 Sodium C 3 ’’anide, sodium azide, and caibon monoxide in the absence 
of light inhibit the oxidase contained in a desoxycliolate piepaiation of the 
K and PI oxidase A leversal of the caibon monoxide mhibitiou is obtamed 
m light 

5 The oxidation of 1 educed c^’tochiome c has been demonstrated spec- 
ti opliotometncally 
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A NEW SYNTHESIS OF S-(/3-AMINO-^-CARBOXyETHYL)HOMO- 
CYSTEINE (CYSTATHIONINE) AND S-BIS(t-A]\IINO- 
7-CARB0XYPR0PYL)SULFIDE 
(HOMOLANTHIONINE)^ 

By JAKOB A STEKOL 

{From, the Lanlenau Hospital Research Institute and The Institute for Cancer Research, 

Philadelphia) 

(Received for publication, November 14, 1947^ 

Cystathionine has been sjmthesized by Bromi and du Vigneaud (1) by 
condensing homocysteine with a-ammochloropropionate m an alkahne 
aqueous medium 

Snyder et al (2, 3) have shomi that 3,6-bis03-chIoroethyl)2,5-diketo- 
piperazme is a useful mtermediate m the synthesis of methiomne and other 
thio ethers The synthesis of cj^stathionme and homolanthiomne descnbed 
here is based on the condensation of cysteme or homocysteine mth the 
dichloroethylddcetopiperazme of Snyder et al (2) m liquid ammonia, fol- 
lowed by the acid hydrolysis of the condensation products to yield cysta- 
thiomne and homolanthionme respectively These reactions are repre- 
sented in the accompanying diagram 

As far as we are aware, homolanthionme has not been prepared 
previously The yields of cystathionine obtamed by this method are 
considerably higher than those reported previously (1) Homolanthionme 
and the mtermediates in the synthesis of homelanthionme and cystathionme 
(the corresponding diketopiperazme derivatives) are of some physiological 
interest from the standpomt of their availabihty to animals for growth 
purposes m lieu of methionine or cystme Enzymatic cleavage of these 
thio ethers tn vitro also suggests interesting possibihties Such studies are 
at present in progress 

By a suitable choice of the isomers of cystine and homocystme (or 
methionme) and of the dichloroetliyldiketopiperazine or of y-chloro-a- 
aminobutyric acid it ought to be possible to prepare any of the isomers of 
cystathionine and homolanthiomne m a similar manner ‘ We are im esti- 
gatmg this possibihty 


experimental 

S ,6-Bis{S-(0-a7mno-^-carboxyethyl)ethyl)3 ,5-dilclopipeTazinc — 10 gm of 
metallic sodium v ere dissolved m about 500 ml of hquid ammonia and 24 gm 

* Aided bj an anon} mous grant in memon of Susanna Dercum 
' 7 Cliloro a aminobut} nc acid can be prepared from 7 -h} dro\} -a armnobut\Tic 
acid (homosenne) The latter has been resohed b} Armstrong (4) 

1S3 
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of L-cystme weie added to the solution m small portions with constant agita- 
tion of the reaction mixtuie (5) The blue coloi of the excess sodium was 
dischaiged by a few ciystals of L-C 3 ''stine 24 gm of 3 , 6-bis(/3-chloroethyl)- 
2,5-d:ketopiperazine (synthesized accoiding to Soj^er et al (2)) were 
added to the reaction vessel in small poitions with thorough mixing of the 


CO— NH 
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solution After all of the diketopipeiazme denvative had been added, 
ammonia was allowed to evapoiate, and the leaction vessel was evacuated 
m 01 del to lemove as much ammonia as possible from the lesidue The 
lattei was then dissolved m about 300 ml of ice-cold watei and the solution 
vas filtered thiough a bed of noiit The filtiate was adjusted with hydio- 
chloric acid to about pH 9, and about 3 gm of sodium cyanide weie added 
to the solution m order to conveit any unchanged cystine to the soluble 
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form (6) After 10 to 15 rmnutes the pH of the solution was adjusted with 
hj drochlonc acid to 6 0 (under a hood) After standmg m the refngerator 
o^ emight, the precipitated matenai was remov ed b3’- filtration, washed with 
cold water, and then reci^’’stalli2ed from dilute ammomacal solution by 
addition of hydrochlonc acid to pH 6 The crj'stalhzed product was sus- 
pended in water, removed bj filtration, and washed successnely with 
water, ethanol, and ether After diymg ^n tacuo at 100° oier P2O5, the 
product decomposed at 260-265° - The yield was 31 gm , or 76 per cent of 
the theoretical amount The analj'sis of the matenai gave the foUowmg 
results 

Ci,H,,N,S.Ot Calculated C 41 18, H 0 88, N 13 51, S 15 68 
Found " 40 60, “ 6 14, “ 13 44, “ 15 45 

The compound gave a negatn e sodium cj^amde-rntroprusside test The 
mnhjdnn test was positne 

Cysialhiomne — 10 gm of the diketopiperazme deniative prepared as 
described above were refluved with 159 ml of 20 per cent h5'-drochlonc acid 
for 3 hours The solution was then eiaporated tn lacuo to drjTiess on a 
steam bath, and the residue w as dissolved m 50 ml of water As a rule, 
only a slight darkenmg of the solution of the diketopiperazme denvatn e m 
hydrochlonc acid resulted after 3 hours of refluxing The solution was 
decolonzed and filtered The filtrate was adjusted with dilute sodium 
or ammomum hydroxide to pH 6, and cooled m an ice bath Crj'stalhza- 
tion can be speeded up bj the addition of ethanol (to about 40 per cent 
concentration with respect to ethanol) After standmg m the refngerator 
overnight, the ciystalhzed matenai was remmed by filtration and washed 
with cold water After recrj stalhzation from dilute ethanol and drjing 
m vacuo at 100° o% er P2O5, die product weighed 10 gm , or 90 per cent of 
the theoretical amount It decomposed at 270-274° The sodium 03 a- 
mde-nitroprusside test on the matenai was negative The anal3i:ical 
results are shown below 

SO< Calculated C 37 38, H 6 36, N 12 61, S 14 41 
Found " 37 01, “ 6 47, “ 12 60, " 14 18 

Since L-c3Stme and racemic 3,6-bis0?-chloroeth3d)2,5-diketopiperazme 
were used in the present sjmthesis, the resulting product is probabl3^ a 
mixture of L-c3’’stathiomne and n-allocj stathionine The possibiht3 of 
separation of the tw o stereoisomers b3 fractional crystallization from water 
or other soh ents is bemg m\ estigated at present ' 

’ All melting points viere made in open capillarj tubes and are uncorreclcd 

’ The mixture of isomers of cjstathionme prepared bj this method is biologicallj 
equal to l cjstine or dl methionine when fed to rats maintained on a loiv casein diet 
This suggests that no appreciable raccmization of the cjsteine moietj of ejsta- 
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The dibenzoyl deiivative of the cystathionine synthesized as described 
above Avas piepared in the usual mannei Aftei reciystallization from 70 
per cent ethanol and diying xn vacuo at loom tempeiatuie over P20j, it had 
the following composition 

CsiHijNsSOo Calculated C 58 61, H 5 11, N 6 51, S 7 45 
Found “ 58 83, “ 5 42, “ 6 47, “ 7 64 

3 , 6-Bis{S-{y-avimo-y-carbor7jp') opyl)elhyl)2 , S-diketopipei azmc Fi om 

MetJnomne — We have repoited the sjmthesis of S-benzylhomocysteine by 
condensing benzyl chloiide ivith the i eduction product of metliionine vith 
sodium in liquid ammonia (7) Bj'' a similai proceduie, S-caibovjrraethyl- 
homocysteme and S-caiboxyetliylliomocj^steine weie also prepared from 
methionine and chloroacetic acid and /3-bromopiopionic acid respectively 
(8) In the piesent 5301 thesis of homolanthionine, the dichloroethyl- 
diketopipeiazine was condensed uath the reduction product of methionme 
uuth sodium in liquid ammonia by a proceduie similai to that described 
above for c3’-stathionine From 10 gm of DL-methionine and 8 gm of 
3,6-bis(;8-chloioethyl)2,5-diketopipeiazme, 7 5 gm of 3,6-bis(S-('y-ammo- 
7-caibox3'propyl)ethyl)2,5-diketopipeiazine were obtained After leciys- 
tallization from dilute ethanol and drying zn vacuo at 100°, tlie material 
decomposed at 270-273° and had the folloAving composition 

C16H24N4S2O0 Calculated C 44 04, H 6 42, N 12 84, S 14 68 

Found “ 43 69, “ 6 61, ” 12 64, “ 14 33 

Fiom Homocystine — ^Homocystine was prepared accoidmg to Sn3’'der 
et al (3) By the pioceduie described above, 18 gm of 3,6-bis(S-(r- 
ammo-7-caibo\yprop3d)ethyl)2,5-diketopipeiazme were obtained from 
13 2 gm of homoc3^stme and 12 05 gm of dichloroethyldiketopipeiazine 
The product had the same decomposition lange as that shoivn by the prod- 
uct obtained from methionine, and had the folloAving composition 

C1CH-4N4S.O0 Calculated C 44 04, H 6 42, N 12 84, S 14 68 

Found " 43 80, " 6 57, “ 12 60. “ 14 40 

Both pioducts gave a negative sodium c3'’anide-nitioprusside test The 
nmhydrin test was positive 

Homolanthionine — 10 gm of the above diketopiperazme derivative were 
hydiol3'’zed m 150 ml of 20 per cent hydrochloric acid in the manner 
dcsciibed above for the c3’^stathiomne derivative The 3ueld of homo- 

thionme occurred during the S3’^nthesis of cystathionine, and that the mixture 
probably consists of L-cj'stathioninc and n-allocystathionme (Stekol, unpublished 
data) 
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lanthiomne was 9 3 gm After drying tn vacuo at 100° over PjOs, it decom- 
posed at 269-272° The analytical results are shovTi below 

C,Hi^N.SO< Calculated C 40 68, H 6 78, N 11 86, S 13 56 
Found “ 40 10, “ 6 76, “ 12 27, “ 13 63 

Since in the above synthesis racemic methionine, homocystme, and 
dichloroethyldiketopiperazme were used, the resulting product is probably 
a rmxture of racemic and meso forms of homolanthionme The possibihty 
of the separation of the isomers by fractional ci^'stalhzation from vater and 
other solvents is being mvestigated at present 
S-Benzylhomocysteme can also be used mstead of either methiomne or 
homocystme m the preparation of homolanthionme by the procedure 
descnbed above 


STTMMAET 

Cystathiomne and homolanthiomne have been prepared m good yields 
by the condensation of cysteine or homocysteme with 3 , 6-bis(/3-chloroethyl)- 
2,5-diketopiperazme m hqmd ammoma, followed by acid h 5 ’-drolysis of the 
condensation products 
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A NEW AIETHOD FOR THE DETERMINATION OF THE 
ENZYME ALDOLASE 

B\ ALEXANDER L BOUNCE G THANNHAUSER BEYER 

(From the Dcparlmenl of Btochemtslry, School of Medicine and Dentistry, 

The Uniiersity of Rochester, Rochester, New York) 

(Recened for publication, November 2S, 1947) 

At the present time the term aldolase is usually apphed to the enzyme 
which catalj’-zes the conversion of 1 molecule of fructose diphosphate to 2 
molecules of triose phosphate, although the name zymohexase was used 
formerly, and stiU is used frequently Aldolase has been prepared m 
crystalhne form from muscle b}' Warburg and Christian (1) and by Taylor, 
Green, and Con (2) 

Because of the role of aldolase in the glycolysis scheme, it is of interest 
to detemune this enzjnne in glycolyzmg tissues, particularly m tumors 
An mcrease m the aldolase content of the plasma of tumor-bearmg animals 
as compared ivith normal anunals has been repoited by Warburg, and this 
fact alone would seem to make it desuable to establish a method for de- 
termining aldolase which is sunpler than the compheated method employed 
by Warburg and Chnstian The method of determmmg aldolase used by 
Herbert et al (3), which mvolves a determmation of an mciease in alkah- 
labile phosphate, does not appear to be well suited to the deteimination 
of aldolase m the presence ot considerable amounts of morganic or labile 
phosphate such as occur m tissues and plasma The presence of competing 
enzjmie sj'stems may upset results both by the method of Warburg and 
Chnstian (1) and of Herbei t el al (3) 

We wish to report a simple method for determmmg aldolase vhich is 
applicable to all tissues thus far studied, mcludmg liver, kidnejq spleen, 
muscle, plasma, tumor tissue, and isolated cell nuclei from liver, kidnej', 
and pancreas, as w ell as to solutions of crystallized aldolase The method 
no doubt could be made moie precise by a consideiable amount of extra 
effort, but it appears to be satisfactorj'- m its present state m that it 3 lelds 
results veil mthin the differences m aldolase activities encountered m 
studying the various tissues listed above, and in that it can be used to 
obtain useful kmetic studies of the enz3'me 

Outline of Mclhod 

The method miohes a determmation of the trioss phosphate formed 
b3' the action of aldolase on the fructose diphosphate vhich is emploied 
as substiate The tiiose phosphate is com erted h\ the action of hot con- 
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centiated sulfuuc acid to acetaldehyde, piobably by way of methylglyoxal 
as intermediate, and the acetaldehyde is then measuied by color foimation 
mth p-hydro\ydiphenyl, as in the Baikei-Summeison method foi lactic 
acid (4) In fact the determination of the triose phosphate is a direct 
application of the Baikei-Summerson method for lactic acid, except that 
the step of pvnification with copper sulfate and calcium hydroxide, which 
removes some tiiose phosphate, is omitted The fiuctose diphosphate, 
which must be qmte pure, causes a light yellow coloi which, however, is 
compensated for b 3 '’ lunmng a blanlc determmation and by usmg the proper 
filter 

Appaiently both dihydioxyacetone phosphate and 3-phosphoglycer- 
aldehyde yield acetaldehyde in the deteimination in roughly comparable 
amounts, so that the piesence of isomeiase should not appieciably affect 
the lesults of the deteimination 

Outline of Studies of Kinetics of Aldolase Gamed Out by Use of New 

M ethod 

Oui Ivinetic studies have been of a piactical nature, designed piincipally 
to establish optimal conditions foi determining aldolase We have in- 
vestigated the effect of substiate concentiation on reaction velocity, the 
time course of the leaction, the effect of enzyme concentration on the re- 
action velocity, the effect of pH on the leaction velocity, the effect of tem- 
peratuie on leaction velocity, and the turnover number, oi moles of 
substrate decomposed per mole of enzyme pei imnute, under standard 
conditions The effect of copper on the enzyme also has been studied 

EXPERIMENTAL 
Determination of Aldolase 

Place 0 7 ml of 0 1 M disodium fiuctose diphosphate^ adjusted to pH 
7 0 m a 15 ml centrifuge tube If tissue oi nuclei are to be analj'^zed, add 

1 Commercial fructose diphosphate can be used if it is purified as follows Dissolve 
10 gm of banum fructose diphosphate in 200 ml of distilled water to uhich is added 
dropuisc sufficient glacial acetic acid to give a nearly clear solution at pH 3 0 to 
3 5 The slight amount of residue which remains is then filtered off Now neutralize 
the solution bj adding 10 per cent NaOH and finally 1 n NaOH until the pH is between 
7 0 and 7 5 Isolate the precipitate of banum fructose diphosphate by centrifuga- 
tion Wash once uitli valor, once with 25 per cent alcohol, once with 50 per cent 
alcohol, twice wuth 95 per cent alcohol, and twice wuth ether Dij'' at room temper- 
ature and then place in a desiccatoi To convert the barium salt to the sodium 
salt, dissolve 1 37 gm of the purified barium salt in 15 ml of 1 n HCl to yield a 
nearly clear solution of the barium salt Now add 5 ml of molar Na.S 04 solution 
slowly and with stirring Centrifuge off the barium sulfate and test the supernatant 
for completeness of precipitation by adding an e\tra drop of sodium sulfate If 
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0 1 ml of 0 02 per cent lodoacetic acid previously neutralized to pH 7 0 wntli 
HaOH m order to block the action of 3-phosphoglyceiaIdehj’-de dehydro- 
genase Next add 0 2 ml of properly diluted enzjrme solution or of homog- 
enized tissue suspension,* plasma, or of isolated tissue cell nuclei and start 
timmg the i eaction at this point If pure enz3mie is bemg analyzed, 0 1 ml 
of M ater can be added m place of the 0 1 ml of lodoacetate if desired Now 
mcubate the reaction mixture at 25° for 15 mmutes 

Stop the reaction at the end of 15 minutes by addmg 4 ml of 8 pei cent 
tnchloroacetic acid Centrifuge the precipitated protem, a procedure 
which usually requires 5 mmutes Now pipette 1 ml of the supernatant 
solution into a large P3Tex test-tube, place the tube m an ice-water bath, 
and add slowly and with stirring 6 ml of concentrated H2SO4 from a fine 
tipped burette Avoid local overheatmg by too rapid addition of the acid 

Place the tube containmg the deproteimzed reaction mixture and acid 
in a bath of boihng water and allow it to remain there for 3 mmutes Next 
cool the tube under tap water until the contents are at approximately room 
temperature and add 1 drop of a 4 per cent solution of cupiic sulfate and 2 
drops of the p-hj-'droxydiphenjd 1 eagent made up accordmg to the directions 
of Barker and Summerson (4) * (Use the same fine tipped medicme 
droppers for all experiments ) 

Now mcubate the test-tube at 27-30° for 30 minutes and then place in a 
bath of boihng w ater for 60 to 90 seconds Cool the tube under tap w ater 
until the contents have 1 cached room temperature approximately, and 
transfer the contents to a colorimeter tube, avoiding condensed moisture 

precipitation is complete, adjust the pH to about 7 2 with NaOH solution, using a 
10 per cent solution of NaOH at first and finallj 1 x NaOH for the final adjustment 
Filter the solution and dilute to 25 ml This gives a solution of approximately 0 1 
M fructose diphosphate as the sodium salt Keep in the ice box for not more than 1 
weeL 

’We haie emplojed freshlj prepared tissue homogenates for all anabses on 
tissues, using a ground glass homogcnizer cooled in a bath of ice and water for grind- 
ing the tissue Distilled w ater has been used for medium For example, in the case 
of liver, approxiraatelj 1 gm of Iner (wet weight) was homogenized with 5 ml of 
distilled water until practicalh cell free The resulting suspension was diluted 
w ith suffieient distilled w ater to gn e a final suspension of about 10 mg (dr j w eight) 
per ml In the case of muscle, the original homogenate was made bj grinding 0 25 
gm of muscle (wet weight) wath 5 ml of distilled water This suspension should 
then be diluted at least 1 4 wuth distilled water before use if 0 2 ml portions are to 
be taken for analjsis Homogenates of other tissues are prepared in a similar man- 
ner The final dilution should bo adjusted so that the colorimeter reading after 
incubation is at least 100 abo\c the blank reading Serum should not be diluted at 
all if 0 2 ml portions are being used for analj sis 

’ 1 5gm of p h\dro\\diphen 3 l (Eastman grade) arc dissoUed in 5 per cent NaOH, 
and the solution is then diluted 1 10 w ith distilled w ater The diluted solution keeps 
for long periods at room temperature in a colored stoppered bottle 



162 


ALDOLASE DETERJNUNATION 


at the top of the test-tube Read the color value immediately m a Klett- 
Summeison coloiimeter, using Filtei 56, oi m anothei suitable colorimeter 

A blank deteimmation must be made at the same time the enzyme is 
being detei mined This is done by adding to the 15 ml centrifuge tube 
fiist the enzyme solution, then the tiicliloioacetic acid, then the lodo- 
acetate, and finally the fiuctose diphosphate The blank is then tieated 
exactly as desciibed above The leading of the blank, which usually vanes 
fiom 125 to 250 in the Kdett-Summeison instiument, depending upon what 
tissue IS employed, is subti acted fiom the leadmg foi the enzyme detei mi- 
nation, winch should be m theneighboihoodof 300 to 500 foi best lesults 

A consideiable poition of the blank value comes fiom the yellow coloi 
produced by the action of the sulfuiic acid on the fiuctose diphosphate * 
When blood plasma oi whole tissues aie employed, i datively high blank 
values are observed, which piobablj'’ aie caused by some piecursoi of 
acetaldehyde, -paiticulaily lactate Isolated cell nuclei 3ueld considerably 
lowei blanlc values 

In caiiying out detei minations of aldolase, the same piecautions must 
be obseived that aie mentioned by Barkei and Summeison (4) foi the 
deteimmation of lactic acid Foi instance, gieat caie must be taken to 
avoid contammatmg the contents of the tubes ivith lactate fiom the fingers, 
and all time intervals should be caiefuU}’- measured 

Expenmenis with Tnose Phosphates 

Dthydroxyacelone Phosphate — This tnose phosphate piobabl}'’ can best 
be prepared by the low temper atuie phosphorylation of dihydioxyacetone 
by the method of ICiesshng (5) The dihydi oximcetone is obtamable by 
a method inAmlving the use of bacteria (6) However, these procedures 
are time-consuming and ve attempted to obtam crude dihydioxyacetone 
phosphate directly by bromine water oxidation of a-glj'-ceiyl phosphate 
by a modification of the procedure leported by Badly (7) Oui a-glyceiyl 
phosphate was prepared hy heatmg a solid mixture of a- and /3-glyceryl 
phosphates with 5 pei cent HCl, wduch bimgs about an equilibration re- 
sulting in a mixtuie of 95 pei cent of the a and 5 pei cent of the /3 foi ms 
The 95 pel cent a-glyceryl phosphate was then isolated as the barium 
salt In most of the experiments we treated the baiium salt of a-glyceiyl 
phosphate with bromine water, but the sodium salt also was tried, exactly 
as desciibed bj'' Badly (7) 

* Some commercial fructose diphosphate samples containmuchheavy metal which 
must be removed by treatment with H2S Other impunties often occur which cause 
an excessively high color in the blank determination and which lower aldolase ac- 
tivity This lowered activity can be partially restored by adding cysteine (Stotz 
el al , this department ) Cysteine has little or no effect on aldolase activity if suffi- 
ciently pure substrate is used 
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In one experiment a 25 per cent aqueous solution of the banum salt of 
a-glj'cerjl phosphate nas prepared b}" adding sufficient 6 x HCl to the 
suspension of the gl5 cerjd phosphate in water to loner the pH to 6 0 To 
the resultmg clear solution the theoretical amount of bromme nas added 
m small amounts, and 10 per cent KaOH was added as needed to keep 
the pH betn een 5 5 and 6 0 A precipitate developed durmg the reaction 
which contamed some banum phosphate and apparentlj' some of the desired 
product or its dimer 

Fiom this reaction nuxture a product nas obtamed as a banum salt 
which n as judged to be not more than 15 per cent pure, accordmg to an 
analj'sis for easili' hydroh zable phosphate This product gave a strong 
resorcmol-HjSOi test as reported by Badly, and it also gave an mtense 
color test mth the Barker-Summerson reagent, although a-glycerjd phos- 
phate itself gi\ es no color whatsoever Smce the most probable oxidation 
products m the reaction descnbed above are dihydroxj-acetone phosphate 
and dihj'droxj'acetone itself, rather than 3-phosphoglyceraldehyde or 
glyceraldehj de, it is vei^' likeh that dih} droxyacetone phosphate con- 
tnbutes strongly to the color test m our aldolase determination 

The method used by BaiUj' for preparmg dihj'droxj'acetone phosphate, 
as well as simple modifications of this method, thus j lelded only a x erj' 
crude product which we were unable to punfj' appreciablj' Judgmg from 
the results of some experiments earned out bj' us m an attempt to prepare 
the phenj Ihj drazone of dihj droxj acetone phosphate, and from a con- 
sideration of the probable high solubihty of such a phenj'lhj drazone m 
water, it seems unlikelj that the phenj Ihj^drazone obtamed bj* Badly 
from his dihydroxyacetone phosphate preparation was m fact the phenj'l- 
hydrazone of the latter compound, in spite of the apparentlj' correct ana- 
Ijdical figures which were reported 

Calcium Sail of S-Phosphoglyceraldehyde — ^This matenal was prepared 
directlj' from the dioxane addition product of dimenc glj ceraldehj de 
1-bromide 3-phosphonc acid accordmg to the directions of Baer and 
Fischer (8)® The calcium salt of 3-phosphoglj'ceraldehj de uas found 
to gixe an mtense color with the Barker-Summerson reagent The color 
production per mole of the calcium salt of 3-phosphoglj ceraldehj de was 
approximatelj 67 per cent of the coloi which was calculated to be produced 
from 1 mole of 3-phosphoglj ceraldehj de plus 1 mole of dihj'droxj acetone 
phosphate obtamed bj* the action of aldolase on fructose diphosphate 
(Total triose phosphate was measured bj alkali-labile phosphate as de- 
scribed under the work on tumoxer numbei 0 1 mg of the calcium salt 

^Tht, dioxaue addition compound was \er\ tenerousU supplied to us bj Dr 
Baer and Dr Fischer XX e gratefulh acl now ledge this gift, since it spared us much 
time and the difficulti of carrjmg out a sequence of unfamiliar reactions 
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of 3-phosphogIyceraldehyde pioduced a coloi leading of 310 on the one- 
fifth aliquot used for the Baikei-Summeison reagent ) 

Kinetics of Aldolase As Measured by Our Method of Determination 

Reaction Velocity vei sus Substrate Concentration — The effect of substrate 
concentiation on leaction velocity is shomi in Fig 1 The leaction ve- 
locity IS measuied as the colorimetei leading given by the aliquot v.ath a 
reaction time of 15 minutes Such a small fi action of the substrate is 
decomposed that the reaction velocity can be consideied as appioximately 
constant ovei a 15 mmute time inteival, and hence the coloiimetei reading 




MOLES FRUCTOSE DIPHOSPHATE PER LITER MOLES FRUCTOSE DIPHOSPHATE PER LITER 

Fig 1 Fig 2 

Fig 1 Effect of substrate concentration on aldolase activity at 25°, pH 7 2 
Klett-Summerson colorimeter, Filter 56 O, crystallized aldolase, A, liver nuclei of 
rat 

Fig 2 Lineweaver-Burk transformation for determining Km l/S]/v, = [(S]/F, -1- 
Km/V, Data obtained from Fig 1 o, crystallized aldolase (/fm = OOOSG), A, 
iver nuclei of rat (K„ = 0 021) 

1 

can be considered as being pioportional to mitial reaction velocity v. 
In Fig 1 values aie plotted for puie enzyme and for isolated cell nuclei 
In Fig 2 the data from Fig 1 are leplotted m linear foim by one of the 
impioved tiansfoimations of Lmeiveavez and Bulk (9) (indicated m Fig 2) 
From this lineai plot the Michaelis-Menten constant foi the enzyme /Cm 
(10) IS calculated This turns out to be about 0 009 foi ciystalline aldolase 
For the nuclei the value is 0 02 Although the oidei of magnitude of the 
two results is similai, the discrepancy shows that measuiements earned 
out on nuclei diffei m some way quantitativelj'' fiom measurements earned 
out on the pure enzyme Why this should be so is not yet Icnoivn 
The Michaelis-Menten constant for aldolase was lepoited b}’" Heibeit 
et al (3) to be less than 0 001, but the decimal point m this figure appears 
to be misplaced We obtain a value of 0 0023 by treatmg then data as we 
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have treated ours, and therefore presume that these authors meant to 
state that the ZC value vas less than 0 01 



Fig 3 Effect of tunc on decomposition of fructose diphosphate bj' crjstalhzed 
aldolase Klctt-Summerson colorimeter, Filter 66 O, A, different dilutions 
of enzyme 

Fio 4 Effect of tune on decomposition of fructose diphosphate by aldolase of 
isolated cell nuclei (rat liver) Klett Suramerson colorimeter. Filter 56 



Fig 5 



milligrams of tissue (DRY WEIGHT) 
Fig 6 


Fig 5 Colorimeter readings plotted against microgrnms of crystallized aldolase 
Klett Summerson colorimeter. Filter 56 

Fig 6 Effect of amount of material on colorimeter reading in aldolase determina- 
tion for In er homogenate and cell nuclei of rat In er Klott-Summerson colorimeter. 
Filter 56 O, rat Iner homogenate. A, bver nuclei of rat 


Time Relalion slaps — The results of plotting the colorimeter readmg 
agamst time aic shown for crj stalhne aldolase and h\ er cell nuclei m Figs 
3 and 4 It can be seen that the reaction y elocitj is constant for a long 
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period with crystalline aldolase, but that it is constant for 15 minutes at 
the most ^vlth isolated cell nuclei What causes a deciease m velocity 
in the case of the nuclei is not jmt knonm In these expeiiments optimal 
substrate concentiation was used (0 07 m fiuctose diphosphate) The 
reaction should be of zeio oidei theoieticall}^ undei these conditions It 
is of zeio ordei for the ciystallme enzyme, but it is not of zeio oidei foi 
the nuclei if time inteivals gieatei than 15 minutes aie employed 
Reachon Velocity veisus Amount of Enzyme Employed — In Figs 5 and 6 
aie shovm the lesults obtained when the coloiimetei leading of the aliquot 



Fig 7 pH optimum of crystallized aldolase at 25° Klett-Summerson colonm- 
eter, Filtei 56 

Fig '8 Temperature optimum of crystallized aldolase at pH 7 2 The optimum 
lies betiveen 30-35° at this pH Klett-Summerson colorimeter, Filter 56 

IS plotted against the amount of enzyme emplo 5 ^ed foi cij'^stallized aldolase, 
isolated liver cell nuclei, and whole hvei homogenate The cuive is linear 
for ciystallized aldolase, but it is not linear for nuclei oi Iivei Hence, in 
measuimg aldolase in nuclei oi livei, amounts of matenal (on a di 3 '- weight 
basis) must not be gieatei than a specified amoimt (2 mg ) if a Imeai 
dilution cuive is to be expected A substiate concentiation of 0 07 m was 
used in these expeinnents 

pH Optimum — ^All of the above expeiiments weie cairied out at a pH 
value of appioximately 7 3 This pH is reasonably close to the optimal 
pH value foi ci 3 '’stallized aldolase, as can be seen fiom Fig 7, in which the 
colorimetei leading foi the aliquot is plotted against pH This cuive is 
not in agi eement v ith the cui ve published b 3 '' Hei bei t and collaboi atoi s (3) 

Effect of Temperature — ^The lesults of expeiiments shomng the effect of 
tempeiatuie on the activit 3 ’' of aldolase are plotted in Fig 8 It can be 
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seen that the enzjTne has a rather low temperature optimum at pH 7 2 
according to our results The temperature optimum no doubt would 
depend upon the pH, smce the enzyme is more stable m shghtly alkaline 
than m acid solutions 

In order to be sure that our low temperature optimum i\as not caused 
by thermal destruction of the leaction products, a pomt on the activit 3 ’-- 
temperature curve v as checked b 3 ' heatmg the enzyme alone for 15 mmutes 
at 40“ and then cooling it and running the reaction at 25° Although this 
procedure theoreticall 3 ’- should not lead to exactly^ the same results as 
r unnin g the reaction at 40° for 15 mmutes mth substrate present, the 
actual results vere almost identical This experiment mdicates that the 
deleterious effect of temperature is on the enzyme and not on the reaction 
products 

Our temperature optunum for aldolase does not agree with the temper- 
ature optimum reported by Herbeit el al (3) The latter authors found 
a much higher optimum 

The Qio of aldolase as calculated from the ascending branch of the curve 
IS about 1 8 This Qm value is lower than the value reported by Warburg 
and Christian (1), from whose data concemmg turnover numbers at 20° 
and 38° ve can calculate a Qio of about 2 8 

Turnover Number for Crystallme Aldolase 

In Older to calculate an approximate value for the turnovei number of 
aldolase, it was necessary first to relate the color produced m our method 
to the moles of fructose diphosphate decomposed mto triose phosphate 
This was accomplished by allowmg 0 1 ml of strong aldolase to act upon 
0 07 XI fructose diphosphate foi 15 mmutes at 25° m order to decompose a 
sufficiently large portion of the substrate to yield a conx eniently measurable 
amount of phosphate easily hy'drolyzable mth alkali An ahquot of the 
same reaction mixture x\as then diluted and the color gix'en by the Barkei- 
Summerson reagent (as described above) vas measured Another ahquot 
x\ as taken foi a determmation of phosphate easily hyffiroly zable by alkali 
In this V ay it w as estimated that, if a calculated readmg of 2880 x\ ere to be 
obtamed from the one-fifth ahquot used for the Barker-Summerson reagent 
as described above, an amount of easily hy'di oly^zable phosphate cqun alent 
to 0 2 mg of phosphorus n ould hax'e been produced by conx ersion of the 
correspondmg amount of fructose diphosphate to tnose phosphate Since 
4 34 mg of phosphorus are the total amount present m 1 ml of 0 07 xi 
fructose diphosphate (the amount used m carrying out the aldolase de- 
termination), the percentage decomposition of the substrate equix alent 
to 0 2 mg of phosphorus from easily' hydrolyzable phosphate or to an 
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aliquot leading of 2880 from the Barkei-Summeison reagent is (0 2/4 34) 
X 100 = 4 61 per cent (Tins lepresents appi o\imately the value of 
alkali -labile phosphate pioduced at equilibrium, since the value was not 
increased bj'’ using moie enz3^me ) 

Fiom Fig 5 it can be seen that 1 7 of puiified aldolase would be equiva- 
lent to a colorimetei leading of about 165 fiom the aliquot used foi the 
Barkei-Summeison leagent This leading of 165 would then correspond 
to (4 61/2880) X 165 = 0 264 pei cent decomposition of the substrate 
This IS equal to 7 X 10“° X 2 64 X 10"° = 18 48 X 10"® mole of fructose 
diphosphate decomposed, since theie is 7 X 10"° mole of this substance in 
1 ml of a 0 07 m solution 

Theiefoie m 15 minutes, under the conditions used by us in measuiing 
aldolase, 18 48 X 10"® mole of fiuctose diphosphate is decomposed by 1 7 
of ciystalhzed aldolase, which is equivalent to a decomposition of (18 48 X 
10"®)/15 = 1 23 X 10"® mole pei minute 

If we assume a moleculai weight of 150,000 foi aldolase, 1 7 is equivalent 
to (1 X 10"°)/(1 5 X 10°) = 6 66 X 10“^° mole of aldolase Since 1 7 01 
6 66 X 10"’° mole is equivalent to a coloiimetei leading fiom the aliquot 
of 165, which IS equivalent to a decomposition of 1 23 X 10"® mole of 
fructose diphosphate pei minute, it can be seen that the number of moles 
of fiuctose diphosphate decomposed by 1 mole of aldolase pei minute 
under the conditions of oui determination (i e , 25° and 0 07 m substiate 
concentration) is (1 23 X 10"®)/ (6 66 X 10"’°) = 0 185 X 10'’ = 1850 
This gives a tui novel numbei of 2300 at 30°, which agiees mth the value 
repoited by Con and collaboiatois (2) 

Inhibition of Aldolase by Copper 

Heibeit et al (3) leported that aldolase is inhibited bj'- coppei We 
have confirmed this statement, but we do not find that aldolase is especially 
sensitive to this metal Foi 90 pei cent inhibition it is necessar}'- to have 
approximately 7 X 10° atoms of divalent copper pei molecule of aldolase, 
assuming a moleculai "weight of 150,000 for the latter enz3^me 

An enzyme which is very sensitive to a heavy metal lequiies a much 
lowei ratio of metal to enzyme For instance, Sumnei and Myiback (11) 
found strong inhibition of uiease by silvei nitiate at a latio of about 15 
atoms of silvei to 1 molecule of urease 

The lesults of oui expeiiments on the inhibition of aldolase b3'' cupiic 
sulfate aie shown in Fig 9 

Analyses of Tissues for Aldolase 

Oui method foi aldolase is sufficientl3’’ good to be applied to livei , spleen, 
ludney, pancreas, tumoi, plasma of tumor -beai mg animals, and isolated 



A L BOUNCE ANB G T BETEE 


169 



Fig 9 Inhibition of crystallized aldolase bj CuSOi At 90 per cent inhibition, 
there are 6 7 X 10' atoms of copper per molecule of aldolase if a molecular weight of 
150,000 IS assumed for the latter Ivlett-Summerson colorimeter, Filter 56 

Table I 

Aldolase Content of Tissues and Isolated Cell Nuclei 
The aldolase activitj is expressed as micrograms of aldolase (dry weight) per mg 
of tissue (drj weight) In the last two columns the results are e\pressed as micro- 
grams of aldolase (drj weight) per ml of scrum The pairs represent analjses on 
the same tissue sample, the groups or single values refer to tissues from different 
animals 
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* The actmtj per drj w eight of aldolase in isolated rat li% er nuclei is roughlj 40 
per cent of its actuitj in whole rat liver 

t The actintj per drj weight of aldolase in isolated dog kidnej nuclei is roughlj 
20 per cent of its activitj in w hule dog kidncj 

t This dog had a badlj infcited fore leg and the kidnejs showed some signs of 
pathologj macroscopieallj 

cell nuclei from li\ er, kidnej , anti pancreas: The acti\ ities of aldolase 
present m these tissues per unit of dry weight as measured m terms of 
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crystalline aldolase piepaied by us® (which is not necessarily puie) aie 
shown in Table I We have found that nuclei isolated fioiu normal lat 
livei contam aldolase in about 40 pei cent of the activity, pei unit of diy 
weight, of the coiiesponding value foi aldolase in whole livei homogenate 
The activity pei unit of diy weight of aldolase in nuclei isolated fiom dog 
kidney by a modification of oui oiigmal method foi lat livei cell nuclei (11) 
IS about the same as that of lat livei cell nuclei, ivheieas the activity pei 
unit of diy weight of aldolase m nuclei isolated fiom sheep pancieas appeals 
to be negligible (Woik desciibmg the piepaiation of nuclei fiom kidney 
and pancieas will appeal elsewheie ) Aldolase decays lapidly m isolated 
cell nuclei kept at loom tempeiatuie, but theie is negligible decay ovei a 
peiiod of 24 houis if the nuclei aie kept at a temperatuie of about 3° 
Walkei carcinoma 256 contains aldolase in about 3 times as high an 
activity pel unit of diy weight as the coiiesponding value foi aldolase in 
noimal lat livei The activity pei unit of diy weight of aldolase in the 
plasma of lats bearing laige Walker caicinomas can be consideiablj’" highei 
than that for aldolase m normal lat plasma This is in agreement with 
the woik of Waibuig and Chiistian (12) Howevei, the activity pei unit 
of diy weight of aldolase m muscle fai exceeds the activity of aldolase m 
any othei type of tissue studied by us, as might be expected fi om the woik 
of Tayloi, Gieen, and Con (2) 


DISCUSSION 

All of the above results show that aldolase can be measured in isolated 
livei cell nuclei and whole livei homogenate by oiii new method, as veil 
as in solutions of the ciystalhzed enzyme If nuclei oi tissue ai e emplo 3 ''ed, 
the time of mcubation with substiate must be limited to 15 minutes, and 
foi lineal dilution cuives not moie than 2 mg of tissue (on a diy weight 
basis) can be used in a deteimmation The new method thus appaiently 
can be applied rathei geneially, if the limitations mentioned above aie 
kept m mind 

It may be of inteiest to compaie om method foi aldolase deteimmation 
■with the methods employed by pievious mvestigatois (Herbeit et al (3), 
Waibuig and Chiistian (1)) In the method of Heibert et al , the late 
of foimation of hydiolyzable phosphate is used in deteimming the enzyme 
The hj’-drolyzable phosphate is attiibutable to the tiiose phosphate that 
IS foimed The phosphate is hydiolyzed from the tiiose phosphate by 
exposuie to N “soda” foi 20 minutes at loom tempeiatuie Cyanide is 
added to avoid leveisal of the leaction by fixing the tiiose phosphate as 
cimnohydrin 

' We wish to express our sincere appieciation to Dr G T Con foi helpful advice 
concerning the preparation of ciystallme aldolase 
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In this method, anything which might hberate morganic phosphate 
from the substrate (hevose diphosphate), such as phosphatase, can be 
expected to mterfere mth the determination The pH optimum reported 
by these investigators for aldolase is at approximately 9 0, but their cun e 
has a slight shoulder in the neighborhood of pH 7 5, which is not far fiom 
the optimal pH for aldolase as deterramed by oui method It seems pos- 
sible that their high pH optimum maj' have been obtamed because of 
mterfermg phosphatases, or because of non-enzymatic hydrolysis of tnose 
phosphate at high pH values, or possibb’’ because of some effect of the 
HCN which was present Although the method of Herbert el al ma}' be 
satisfactory for purified aldolase, it seems doubtful whether it could be 
apphed verj-- successfully to a determination of aldolase m tissues other 
than possibly muscle, which contams a very high concentration of aldolase 

The method of Warburg and Christian (1) for determining aldolase 
IS more comphcated These mvestigators add crystallized 3-phospho- 
gli'ceraldehyde dehydrogenase and coenzyme I and then determme spectro- 
photometncally the rate of reduction of the coenzyme I The experiment 
is arranged so that the aldolase concentration is the limitmg factor This 
method is so comphcated that its use m semiroutme determmations of 
aldolase would be difficult Moreover, although the method undoubtedly 
IS very satisfactory for pure aldolase, it may be less accurate when applied 
to whole tissue because of competmg enz 3 Tnes For instance, an enzjme 
IS present m many tissues which destrojs coenzjme I and which therefore 
might mterfere 

It will be noticed that our method for deteiminmg aldolase is more di- 
rect than the method of Warburg and Christian, smce tnose phosphate it- 
self is measured Our method also is very sensitu e, since the immediate 
product of the reaction is measured bj a \ eiy sensitive test Tbs makes 
it possible to use a relatively bgh substrate concentration m order to mmi- 
rmze effects of possible loss of substrate from competmg reactions The 
effects of enzjTnatic reactions w bch could remoi e or destroy the reaction 
products also are mimmized, smce the small concentrations of reaction 
products necessaiy to be measured are attamed \ery quickly Intel fer- 
ing enzyme reactions mvolvmg the reaction products (tnose phosphates) 
should be slow compared to the reaction catalyzed by aldolase when the 
concentration of substrate (hexose diphosphate) is bgh compared to the 
concentration of products High substrate concentration also simplifies 
the kinetics of the leaction by setting up a zero order reaction The cbef 
disadi antage of our method is that relatively bgh blank % alues often are 
obtamed 

In our method so little substrate is hydroly zed that we do not find it 
necessary to add cy anide to a\ oid mterference by reversal of the reaction 
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It was found that at least 4 61 per cent of the fructose diphosphate must 
be split at equihbiium, with a substrate concentration of 0 07 m at a tem- 
peratuie of 25° (See the work repoited above undei “Turnover number 
for crystallme aldolase ’’) However, so little substrate is hydiolyzed m 
our method of determining aldolase (less than 1 0 per cent m nearly all 
cases) that reversal of the reaction is of no consequence even though at 
our highei substiate concentiation less substiate is split at equilibrium than 
m the method of Heibeit and collaboiatois (3) 

As applied to tissues, our method foi detei mining aldolase apparently 
gives lowei lesults in terms of miciograms of enzyme pei mg of tissue than 
the method of Warburg and Chiistian (1), but the latios of the concentra- 
tion of aldolase in muscle to its concentration in other tissues are similar 
for both methods 


SUMMARY 

1 A new method for determining aldolase has been devised vhich de" 
pends upon a colorimetric detei mination of the tiiose phosphate produced 
by the action of this enzyme 

2 In all piobabihty, both dihydioxyacetone phosphate and 3-phospho- 
glyceraldehyde contribute strongly to the production of color in this pro- 
cedure, so that interference by isomeiase is probably negligible 

3 Practical studies of the kinetics of aldolase have been earned out by 
means of the new method The pH optimum has been found to he m the 
neighborhood of 7 0 instead of 9 0 as reported by Herbert et al (3) 

4 The new method has been applied to a determination of aldolase in 
liver, kidney, spleen, pancreas, muscle, tumor, and plasma of tumoi-bear- 
mg animals, as well as to cell nuclei isolated from i at h vei , dog kidney and 
sheep pancreas Aldolase has been found m very appreciable concentra- 
tion in cell nuclei isolated from hvei and kidney, but it was not detected 
in nuclei isolated from pancreas The aldolase of the plasma of the tumor - 
bear mg rats was consideiably higher than normal, confirmmg results ob- 
tained by Warburg and Christian (12) using othei tumois 

This reseaich was made possible by a grant fiom the Donner Foundation, 
whose support we giatefully acloiowledge 
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THE jMETABOLIC FATE 07 ESTRONE IN BILE FISTULA DOGS* 
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A A WALKLING 

(From the Departments of Biochemtstry, Obstetrics and Gynecology, Physiology, 
Medicine, and Surgery, Jefferson Medical College, Philadelphia) 

(Rcceiied for publication, October 14, 1947) 

It has been repeatedly demonstrated that, folIo-wTng the admmistration 
of estrogen to human or anunal subjects, the hormone disappears rapidly 
from the organism and only a small quantitj' of the onginal compound or its 
metabolites can be recovered m erj stallme form from tlie unne (2) On 
the other hand, Cantaroiv etal (3) detected in the bile of dogs mth external 
bde fistula as much as 90 to 95 per cent of the biological activity of the 
estrone or a-estradiol vhich had been mjected intravenously Since 
bioassay had been performed directly on the bile without resort to frac- 
tionation procedures, it was thought desirable to pursue the problem of 
bihary excretion of estrogens along chemical hnes Accordingly, a total 
quantity of 1 476 gm of estrone acetate (containing 1 278 gm as estrone 
equivalent to 18,000,000 mouse units of estrogenic activity) was dissolved 
m oil and injected mtramuscularl 3 ' into three external bile fistula dogs 
The bile, unne, and feces w ere collected and extracted , 79 mg of estrone 
and 18 mg of a-estradiol were isolated in crj'stalline form from the bile, 
considerablj' less estrogemc matenal as determmed bj’’ bioassay was con- 
tained in the unne or feces A detailed report is given below 
Table I lists the estrogenic activity of the phenohe matenal denved from 
the bile, unne, and feces respectively^, bioassay of unfractionated bile was 
also performed Inspection shows that (a) considerably more estrogen 
was excreted in the bile than in the unne, a small but significant amount of 
estrogen appeared in the feces, (b) most of the estrogenic matenal of the 
bile and of the feces was present in a free or uncombined form, much of the 
estrogemc matenal in the unne was present in conjugated form, but the 
ratio of free to conjugated estrogen i aned considerably 
Table II mdicates the distnbution of the estrogemc activity of the 
vanous extracts between the ketomc and non-ketomc weakly acidic 
phenols and the strongly acidic phenols Hydrolysates of the conjugated 
phenohe matenal of the bile and feces were not partitioned because of the 

* This work Has supported bj grants-m aid from the United States Pubbe Health 
Service, under the National Cancer Institute Act, and from the Ciba Pharmaceutical 
Products, Inc , Summit, New Jersey A preliminary report (1) was presented before 
the meeting of the Amencan Society of Biological Chemists at Chicago, May, 1947 
t In the Department of Biochemistry 
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low content of estrogen It may be seen from Table II tliat (o) almost all 
of the estrogenic activity of the evtiacts (bile, urine, and feces) resided in 
the wealdy acidic phenols, and (b) a variable proportion (22 to 88 pei cent) 

Table I 


Recovery of Eslrogemc Activity after Intramuscular Injection of Estione Acetate into 

Exteinal Bile Fistula Dogs 








Estrogenic activity! 

Dog No 

Estrone content 
eqmvalentof hor 
mono injected* 

Source 

extracted 

Post injection collec 
tion period 

Untreated 

bile 

Free 

phenols 

Conjup 
ted phe- 
nols 

(after hj 
arol>3is) 


ms 




days 

mouse untls 

mouse units 

mouse 

units 

09 (male), poor 

340 

Bile 

1 

+ 

2 

K ' 

180,000 


In er functionj 

(4,800,000) 


3 

+ 

4 



11 



Urine 

1 

+ 

2 


54,000 





3 

+ 

4 






Feces 

1 

4“ 

2 -f- 3 -I- 4 


13,000 

BKm 

B72 (female), 

499 

Bile 

1 

+ 

2 

1,900,000 

1,400,000 


good liver 

(7,000,000) 


3 


4 


480,000 

■KR 

functionf 



5 




160,000 




Unac 

1 


2§ 



KtMUin 




a 

+ 

4 






Feces 

2 

+ 

3 -f 4 


BufC!! 

URg 

B75 (female), 

433 

Bile 

1 



830,000 

922,000 


good In or 

(0,100,000) 


2 






functionj 


Uiine 

1 









2 





j j 



Feces 

1 





HM !j 




2 




mm 

Bi 


* Estrogenic activity (in parentheses, mouse units} based on estrone content (oil 
injection) 

t Bionssaj iias performed on spayed adult mice by use of a \aginal smear tech- 
nique based on that dcsciibed bi Allen and Doisy (24), aqueous dilutions of bile were 
injected, whereas the phenol fractions (bile, urine, or feces) w ere fiist dissolved in oil 
Eactors which may account for discrepancies in the bioassay value of untreated bile 
and that of the phenolic material contained therein have been discussed in a previous 
rcjiort (12) Estrogenic actmtj^ could not bo deteeted in the fcoes of normal dogs 
t Indicated b^' 6tud>ing the excretion of bromosulfathalein in the bile 
5 Contamination w ith feces duo to diarrhea during the 1st day of collection 

of the total biological activity uas due to the non-ketonic fraction of the 
vciklj' acidic phenols 

Table III gives the peicentage recovery in the bile of tlie biological 
actn ity (mouse units) of the hormone injected, as well as that of estrogenic 
material (rag of estrone plus a-cstradiol) 
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Table II 

DtstnbiUion of Estrogenic Activity* 


The results are expressed in per cent for each collection penod 


Dog No 

Source extracted 

Post injection collection 
period 

W cakl> acidic phenols 

Strongly 

acidic 

phenolst 

Ketonic 

Non 

ketonic 



days 




69 

Bile (free phenols) 

1 + 2 

78 

22 

<r^ 



3-1-4 

42 

58 



Unne “ 

1-1-2 

34 

62 

5 



3 -b 4 

33 

56 

11 


“ (conjugated phenols 

1 + 2 

21 

74 

5 


after hydrolysis) 

3 -b 4 

16 

80 

4 


Feces (free phenols) 

1 -b 2 -b 3 -b 4 

10 

88 

2 

B72 

Bile 

1 + 2 

71 

29 

<1 



3 -b 4 

37 

62 

1 



5 

11 

88 

<1 


Unne “ “ 

1 -b 2 

73 

24 

<3 



3 -b 4 

25 

73 

2 


Feces “ “ 

2 -b 3 -b 4 

7 

88 

5 

B75 

Bile 

1 

26 

74 

0 2 


• Determined bj bioassaj (see foot-note, Table I) 

t The actual values may be even lower, since after further partitioning of pooled 
strongly acidic phenols (8200 mouse units) of the bile, the 0 3 ii Isa.COj soluble 
phenols assaj ed only 1200 mouse umts SimilarH , the corresponding fractions of the 
unne after pooling assaj ed 7500 mouse units, but after further partitioning assaj ed 
only 3200 mouse umts 


Table III 

Percentage Recovery in Bile of Estrogenic Activity and Estrogenic Substance 
(for Entire Collection Period) 


Pog ho 

Based on bioassay of 

j 

Ba ed on calculated* con 
tent of estrone and 
a estradiol 

Bile directly (aoueous in 
jectioDs) 

Total phenolic material of 
bile (oil mjeclioqs) 

69 

14 

5 

4 

B72 

35 

29 

22 

B75 

15 

15-16 

9-10 


* It 13 assumed that the biological actmtj of the bile is due entirely to the above 
substances These figures may be calculated from those given in Tables I and II 
and from the bioassaj values for 1 y each of estrone and a-estradiol in oil v hich are 
14 and 33 mouse units respectively in this laboratorj 


It IS evident from Tables I and II that most of the biological activity of 
the bile was due to the weakly acidic phenols (unhydrolyzed) This ma- 
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tenal appealed to be suitable for isolation work Accordingly, the ketonic 
fractions •\\hich ^veie derived fiom the bile veie pooled, 123 mg of crystal- 
line maternal (1,500,000 mouse units equivalent to 107 mg of estione) vere 
obtained The material v as i eciystallized fi om alcohol, yielding 79 mg of 
impuie estione, m p 252-256°, vhich, on subsequent pmification, proved 
to be identical v ith an authentic specimen Fi om the non-ketonic weakh 
acidic phenols (unhydi olyzed bile) theie veie obtained 118 mg of a senn- 
crystalline pioduct (1,600,000 mouse units equivalent to 48 mg of a-es- 
tiadiol) It yielded 29 mg of digitonm-piecipitable mateiial vhich, on 
ciystalhzation from alcohol, gave 18 mg of a-estiadiol The identity of 
this product v as established b}'' ascei taming its specific optical lotation and 
by a deteimmation of the melting point on admixture ivith an authentic 
specimen of a-estiadiol, a dibenzoyl deiivative iias also piepared which 
ga\e the expected caibon and hydiogen values on anal 3 ’’sis The non- 
digitonm-piecipitable mateiial u as submitted to chiomatogiaphic analysis, 
but /5-estiadiol could not be isolated 

EXPERIiUENTAL 

Collection and Exli action of Bile, Unne, and Fcccs — Bile was collected in 
24 houi peiiods, and attei adjusting the pH to 6 5 to 7 5 , it was immediatelj 
extracted by gentle shaking with n-butanol, foi each 100 ml of bile, 50 ml 
of solvent iicie used in the initial extiaction, followed by foui extinctions 
each 111111 10 ml poitions The butanol extiacts weie combined, washed 
twice 11 itli 10 ml portions of i\ al ei , and evapoi ated in vacuo The butanol 
lesidue ii as dissolved m 25 ml of watei , made distinctly acid to litmus witli 
concentiatcd HCl, and extiacied once mill 100 ml and then tmee mth 
50 ml of ethci The ethci extiacts weie combined, back-i\ ashed mth 10 
ml of iiatei, unshed successively mth dilute sodium bicaibonate and ^ 
untei, and evapoialed The ethei icsidue iias dissolied in benzene and 
extiacted foiii times mth equal lolumes of n NaOH, the alkaline extiacts 
11 ere back-ii ashed with 0 2 i olume of benzene The benzene solution was 
unshed mih untei and eiaporated to give the ncub al fi action (unltydro- 
lyzcd bile) The alkaline extiacts ueic made acid to Congo red with con- 
centi ited IICl ind thoioughli extiacted mth ethci in oidci to obtain the 
phenolic b action (unhydi oh/zed bile) Idie acid fi action (vnhydi olyzed bile) 
uas obt lined fiom the lesidual bile (aftci butanol extiaction) b^ acidifica- 
tion to Congo red mth concentrated HCl folloucd by extinction mth 
ethei Some acidic mateinl uas also obtained fiom the sodium bi- 
Lubonatc uadies of the ethci -soluble, uatei -insoluble fi action of the 
but mol resuluc desciibed aboi e The uatci -soluble, cther-msoluble frac- 
tion of th(' but mol residue uas heated on the uatci bath to icmoie 
(lissoli cd ether, after the addition of 10 per cent by volume of concentrated 
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HCl, the solution as refluxed for 10 minutes, rapidly cooled, and extracted 
mth ether The phenohc fraction {hydrolyzed bile) nas obtained from the 
ether extract m the usual m a> 

Urine was collected in 24 hour periods and immediately exti acted mth 
butanol, the phenohc fiactions weie obtained as above Feces -were 
ground vith sand and extracted mth liberal amounts of alcohol at room 
temperature The residue obtained on evapoiation of the alcohol extracts 
Mas partitioned into “fiee” phenols and conjugated phenols, the latter 
M ere subsequentlj hydrolj’^zed 

Fractionation of Phenolic Material — ^The strongly acidic and iveakly acidic 
phenohc fractions Mere obtained by the method of Mather (4) by dis- 
tnbuting the plienols betM een benzene and 0 3 si NasCOs Repeated 
partitioning Mas necessary in order to achieve eflective separations, espe- 
cially Muth bile extracts Tioublesome emulsions Mere often encountered 
which Mere broken by long centrifugation The Meakly acidic phenols 
Mere separated mto ketomc and non-ketonic moieties Mith the aid of 
Girard’s Reagent T (5) 

Isolation and Identification of Estrone {Unhydrolyzed Bile) — The ketomc, 
M'eakly acidic phenols {unhydrolyzed bile) excreted by Dog 69 (1 + 2 + 3 
+ 4 days), Dog B72 (l-t-2-f3-!-4-|-5 days), and by Dog B75 (1 day) 
were pooled Smce the estrogenic content of bile collected subsequently 
was comparatively small, this matenal Mas not mcluded The pooled 
matenal was crystalhne, Mcighed 123 mg, and assayed 1,500,000 mouse 
umts (eqmvalent by oui method of bioassay to 107 mg of estrone) It 
Mas recrystallized from alcohol to giv’^e 79 mg of impure estione, mp 
252-256°, an additional crop of crystals, mp 225-232°, v\as obtained 
from the mother liquors Repeated crystallization of the former product 
yielded 45 mg ,m p 258-260°,^ [q:]d® = 4-170° (0 752 per cent m dioxane), 
admixture Mith authentic estrone, mp 259-260°, [a]f = +163° (in diox- 
ane), gave no depression in meltmg pomt A benzo 3 d denv ative m as pre- 
pared M'hich melted at 219 5-221° and gave no depression m meltmg 
point on admixture with authentic estione benzoate, m p 222-223° 

Isolation and Identification of a-Estradiol {Unhydrolyzed Bile) — ^The non- 
ketonic, weakly acidic phenols corresponding to the ketomc phenols above 
Mere pooled Tliere Mere obtained 118 mg of a semicrj'^stallme product 
which assayed 1,600,000 mouse units (equivalent bj-- oui method of 
bioassay to 48 mg of a-estradiol) After treatment Mith 400 mg of 
digitomn by a method described by Huffman et al (6), there m ere obtamed 
29 mg of digitomn-precipitable matenal It cij^stalhzed readily from 
aqueous alcohol to give 18 mg , m p 173-175°, [a]n‘ = +77° (0 710 per cent 

' All melting points reported here are corrected 
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in absolute ethanol) Furthei reciystallization from the same solvent 
raised the melting point to 175°, no melting point depression was obsen^ed 
on admixture of this product ivith authentic a-estradiol, m p 176°, Hd** = 
+78° (in absolute ethanol) 

A dibenzoyl derivative was prepared from 14 mg of the above product, 
m p 173-175° It was repeatedl}’' crystallized from chloiofoim-ethanol to 
give 9 mg , m p 169 5-170°, admixture ivith authentic a-estradiol di- 
benzoate, m p 170-170 5°, gave no depression m meltmg pomt 

CjiHjjOi Calculated, C 79 96, H 6 72, found, C 79 80, H 6 74 

Chiomatogiaphic analysis of the non-digitonin-precipitable fraction 
(58 mg ) failed to yield any crystalline products 

DISCUSSION 

Wliereas previous evidence (2) for the xn vivo conversion of estrone into 
a-estradiol has been entirely ciicumstantial, the evidence presented here is 
based on the isolation of the metabolite in crystalline form It cannot be 
assumed, however, that the leduction of estrone pioceeds m this direction 
in all mammalian species, especially since /5-estradiol but no a-estiadiol 
was isolated from the mine of rabbits injected with estione (7), the ^ 
isomer was likewise isolated in similar experiments (8, 9) in which a-es- 
tradiol vas injected In the present study, /3-estiadiol could not be 
isolated from tlie bile 

Tlie reverse piocess, ic the biological conveision of a-estiadiol into 
estrone, has been clearl}'- demonstrated (2) , however, in the case of the dog, 
the evidence (10, 11) is of an indiiect natuie It might be mfeiied that 
these piocesses take place in the livei, smce estrogens of endogenous” and 
exogenous origin liave been isolated from bile, some suppoit foi this hy- 
potliesis lias been obtained fiom in vitro expeiiments (13, 14) 

It appeals questionable from our data that the dog is capable of trans- 
foiming estione into cstriol to any significant extent® On the otliei 
hand, LongvcII and McKee (15) detected a significant degiee of estiogenic 
actn it} in the 0 3 NajCOa-soluble, benzene-insoluble phenohe fraction 
of bile obtained from dogs injected with small quantities of estrone (Of 
the natne estrogens, estiiol alone is partitioned in this manner (4, 16)) 
Pcirlnnn cl al (11) likewise detected some biological activity in similar 
maten il obtained fiom dogs injected with a-estradiol 

' Estrone hns rcccnth (12) been isolated from the bile of pregnant cows, it is the 
mnjor estrogen of the bile 

' See foot note, Tnble II It is quite likely that most of the biological activity e\- 
lulntcd b\ the stronglj "icid phenols was, in our cvpcriments, duo to slight contaminn- 
tion with the highlv active, wcaklj ncidic phenols 
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Our experience, m common that of most investigators worlong m 
the field of estrogen metabolism, indicates that a major portion of the 
estrogenic substance administered cannot be accounted for in the excreta as 
biologically active material Chiomatogiaphic analysis of the neutral 
matenab and of the free acids® of the pooled specimens of unhydrolyzed bile 
was undertaken, but none of the hypothetical products (2) of estrogen 
mactivation was isolated 

Our data (see Table III) on the percentage recovery m the bile of the 
biological activity of the injected hormone are in closer agi cement mth 
the data of Long^vell and McKee (15) than mth those of Cantaroiv et al 
(3) The former authors observed a bihary excretion rangmg fiom 1 3 to 
8 0 per cent, nhereas the latter authois reported an almost quantitative 
recovery of hormonal activity Pearlman et al (11) reported that 10 per 
cent or possibly 26 per cent (bioassays performed independently in the two 
laboratones) of the biological activity of the injected a-estradiol was de- 
tected m the bile In a study which apparently was the first of its Ivmd on 
this subject, Stamler (18) reported a bihary excretion of “not less than 
13 per cent” of the estrone injected It is difiicult to explain these dis- 
crepancies Cantarow et al (3) have emphasized the necessity of insuring 
a satisfactory state of nutiition and liver function m bile fistula dogs, smce 
otherwise relatively insignificant hepatic functional defects may have a 
profound influence upon the metabolism of the steroid hoimones ^ 
Considerably more estrogen is excieted m the bile than m the urine fol- 
lowing the administration of estrone acetate (see Table I) On the othei 
hand, Longwell and McKee (15) reported a biliary excietion rangmg be- 
tween 1 3 to 8 0 per cent of the injected hormone and a urinary excretion 
between 6 4 and 13 5 per cent Perhaps no great significance can be 
attached to this pomt of difference if one considers the unphysiologicaldose 
of estrogen employed in our expenments which, m this instance, weie 
designed pnmanly to ascertam the nature of the metabolites of estrone 
rather than to obtain information concemmg the physiological transport 
of estrogen Yet, m a study by Cantarow et al (21) in which a compara- 
tively small amount of estrone (250,000 i u ) was injected mtravenously, it 

* The neutral material of unhydrolyzed bile contained less than 20,000 mouse umts 
This precludes the possibility that estrone acetate was present and attests to the 
quantitative removal of unesterified estrogen from this fraction 

^ The free acids of unhydrolyzed bile contained only 3300 mouse units This makes 
it appear unlikely that any but trace amounts of the highly active compounds of the 
doisynohc acid senes were present It had been suggested that such compounds 
might occur naturally (17) 

' The subject of nutrition and endocrinology has recently been reviewed by Hertz 
(19) and also by Biskind (20) 
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IIETABOLISM OF ESTRONE IN BILE FISTULA DOGS 


as reported that the amount of estrogen m the urine was much less than 
that m the bile 

The fact that a small but none the less significant degree of estrogenic 
acti\ it}' IS e\hibited by the phenolic mateiial of the feces of bile fistula dogs 
(all the bile draining exteinally) is an indication that estiogen enteied the 
boA^el from the blood stream by passage through tlie mtestmal wall 
Perhaps this mechanism opeiates under noimal physiological conditions, 
it ould account, in part at least, for the estrogen content of the feces of 
piegnant omen (22) or of piegnant coavs (23) 

Our findings with legaid to the chemical natuie of the estiogens of dog 
feces paiallel (perhaps foi tuitously) those obtamed by Levm (23) in his 
investigation of the fecal estiogens of piegnant cows m that (a) the estiogen 
is present chieflj'’ in a free or unconjugated form, and (b) the biological 
actn ity resides chiefly in the non-ketomc, weakly acidic phenols 

SUMJIARY 

Massive doses of estrone, as the acetate, were injected mtiamusculaily 
into three external bile fistula dogs A small quantity of estrone and of 
a-estradiol was isolated from the pooled bile specimens By comparison, 
the urine and feces contained much less estrogen as detei mined by bio- 
assay Most of the estrogenic substance admmisteied cannot be accounted 
for m the excreta 

The implications of these findings are discussed 

The technical assistance of Miss Emily Cerceo, Miss Edith Goldberg, 
and Miss Dorothj'- Ozcr is gratefull 3 '' aclmowledged We aie indebted to 
Mr James Rigas for the micioanalysis 

Pait of the estrone used A\as lundly furnished by the Schenng Corpoia- 
lion, Bloomfield, New Jersej’’ 
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PARTIAL SYNTHESIS OF ETIOCHOLENE-9-OL-3(a)-ONE-17 
Bt lewis HASTINGS SAHETT 

{From the Research Laboratories, Merck and Company, Inc , Rahway, New Jersey) 
(Received for publication, December 5, 1947) 

The isolation of a new steroid from human imne has recently been 
reported (1) A study of the properties of this substance led to the surmise 
that it possessed the structure I, etiocholene-9-ol-3(o:)-one-17 In order to 
aid m the confirmation of this hypothesis, the partial synthesis of I was 
undertaken 

Vigorous catalytic reduction of etiocholanol-3(o;)-dione-ll,17 acetate 
(II) gave etiocholanetnol-3(a),ll(/3),17(a) acetate-3 (III) Aluminum 
tertiary butovide in acetone effected the partial oxidation (2) to etio- 
cholanediol-3(a),ll(/3)-one-17 acetate-3 (IV) Phosphorus oxychlonde m 
pyndme smoothly dehydrated (3) III to the acetate of the desired A® de- 
rivative, from which I was obtamed by saponification 

EXPERIMENTAL 

All melting pomts are corrected Rotations were taken m acetone, 
c ~ 1 0 

Ettocholan€tnol-S(a) ,17(a) Acetate-S {III) — A. solution of 2 0 gm 
of etiocholanol-3(a)-dione-ll,17 acetate in 50 cc of acetic acid was shaken 
imder hydrogen vuth 800 mg of previously reduced platinum (Adams’ 
catalyst) After 3 hours the reduction was complete The solution was 
then filtered, concentrated to dryness tn vacuo, dissolved m ether, washed 
with dilute sodium carbonate and -mth water, and concentrated to a small 
volume on the steam bath The addition of petroleum ether gave 1 85 
gm of ciystals, m p 183-185° After several recrystalhzations from dilute 
alcohol and from acetone-petroleum ether, the melting pomt was 198- 
200 ° 


Anafj/sw— CjiHjtO* Calculated, C 71 96, H 9 78, found, C 72 21, H 9 73 

Etiocholanetnol-3{a) ,ll{p) ,17{a) — Saponification of a sample of the 
monoacetate (III) gave the free tnol, which, upon recrystalhzation from 
acetone and from benzene, melted at 205-206° 

Analysts — jOj Calculated, C 73 97, H 10 46, found, C 73 91, H 10 38 

Eliocholanelriol-S{a) ,ll(fi) ,17{a) Diacetate-S,17—k solution of 35 mg 
of the monoacetate (III) in 0 5 cc of pyndme and 0 5 cc of acetic anhydnde 
was heated on the steam bath for 15 mmutes The addition of water gave 

185 



J86 r:TiocHOLj.x3:-9-oL'3 (a)-0NE-17 

the diacetate, which melted, after leciystalhzation from ether-petroleum 
ether,' at 161-162° 

Anahjsis-^CtMitOs Calculated, C 70 37, H 9 25, found, C 70 4S, H 9 22 

Ehocliolanediol-S{a) ,ll{0)-one-17 Acetate-S {IV ) — muxture of 1 5 gm 
of the monoacetate (III), 80 cc of dij'" benzene, 40 cc of anliydious acetone, 
and 3 0 gm of aluminum isopropoxide was refluxed oveiniglit hlost of 
the solvent was then removed m vacuo, the residue taken up in ether, 
■washed •wnth dilute hydiochloric acid and •with water, and the ethereal 
solution concentrated to diyness The lesidue was dissolved m 15 cc of 


0 H OH 



(IV) (I) 


methanol and treated ■with 2 0 gm of Giiaid's reagent togetliei with 0 8 cc 
of acetic acid After refluxing foi 30 minutes, the solution was concen- 
trated to half ^ olume in vacuo, then pouicd into a mixtuie of ice water and 
ethci m a sepaiator}" funnel Aftei thoiough mixing the aqueous layer 
vas rcmo\cd and acidified vith 20 cc of 4 N hydiochloiic acid 
After standing so\eial hours at loom temperature the acidified aqueous 
laj cr V as extracted ■\^ ith ti\ o 200 cc portions of ether The ethereal layer 
vas vashed with dilute sodium caibonate, then witli vater, and concen- 
trated to drnie«i$ Tlic icsiduc (500 mg ) uas then heated nith pjiidine- 
acetic anh 3 diide foi 10 minutes on the steam bath to replace acetoxj'’ 
groups lost b\ hj drol} sis (This usiiall}' amounts to 10 pei cent when the 
Girard complex is vorked up m the manner described above) Careful 
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addition of water then gave 440 mg of crystals, m p 223-229° This 
material was chromatographed over 8 gm of alumina (acid-w'ashed) The 
crystalline fractions eluted with ether and ether-chloroform mixtures were 
combmcd and recrystallized from acetone and from benzene, which gave 
222 mg of etiocholanediol-3(Q:),1103)-one-17 acetate-3, mp 237—238° 
For analj'sis a sample w as dned in vacuo at 140° 

Analysis — C iH 0< Calculated, C 72 40, H 9 26, found, C 72 50, H 10 04 

Eliocholanediol-3[a) ,ll{fi)-one-17—A. sample of the acetate (IV) was 
sapomfied and gave tlie free diolone Recrystallized from acetone, it 
melted at 237 5-239° A mixture mth tlie acetate melted at 205-220° 

Analysis — CuHjoOj Calculated, C 74 41, H 9 S7, found, C 74 44, H 9 90 

Eliocliolene-9-ol-3{a)-one-17 (I ) — solution of 170 mg of etiocholanediol- 
3(a),llG3)-one-17 acetate m 1 cc of dry pyr dine was treated with 0 2 cc 
of phosphorus oxychloride After standmg at room temperature overmght, 
the solution v as diluted vnth v ater and extracted with ether The washed 
ethereal solution vas concentrated to dryness and the residue (160 mg ) 
chromatographed The fraction more easily eluted consisted of a colorless 
oil (146 mg ) which could not be obtamed crystalline In addition 10 mg 
of startmg material vere obtamed The non-crystalhne fraction was 
dissolved m 5 cc of methanol and treated mth a solution of 200 mg of 
potassium carbonate m 2 cc of i\ ater After standmg at room temperature 
overnight, the solution was concentrated to half volume in vacuo and water 
added The crystallme precipitate weighed 114 mg and melted at 169- 
171° After recrystallization from dilute alcohol and from ether-petroleum 
ether, it melted at 171°, Wd" = +155 5° ± 2° 

Analysis — CuHjjOj Calculated C 79 13, H 9 85 

Found “ 79 61, 79 59, H 9 87, 10 15 

Grateful acknowledgment is made to Miss Jean Andrews for techmcal 
assistance For stimulating suggestions concemmg this work the author 
IS indebted to Dr K FolkersandDr R T Major of these laboratones and 
to Dr E S Wallis of Pnnceton Umversity The microanalyses reported 
herein were earned out by Messrs R Boos, E Thornton, J McGregor, 
and R Funk 

SUMMAEY 

Etiocholene-9-ol-3(Q:)-one-ll has been prepared by partial sjmthesis from 
etiocholanol-3 (o:)-dione-ll , 17 
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STUDIES IN PROTEIN METABOLISM mTH COMPOUNDS 
lABELED WITH RADIOACTIVE CARBON 

I jMETABOLISAI of dl-TYROSINE IE’ THE NORJMAL AND TUMOR 

BEARING RAT* 

Bi THEODORE WINNICK, FELIX FRIEDBERG,t A^D 
DAVID M GREENBERG 

{From the Dniston of Btochemtslry, Uniierstly of Cahforma Medical School, Berkeley) 
(Received for publication, October 15, 1947) 

In 1939 Schoenheimei , Ratnei, and Rittenberg (1) employed DL-tyiosme 
labeled t\itb heavy mtiogen (N‘®) to study the metabolism of this ammo 
acid and the fate of its ammo nitrogen m rats The present investigation 
deals vnth the metabolism m lats of radioactive DL-tjuosine (tyrosine'^), 
labeled m the /3 position v ith the long hved C'^ isotope of carbon (2) ’ 

The labelmg of the carbon skeleton made it possible to measure the m- 
corporation of tyrosine into tissue protems and the conversion of this ammo 
acid into other compounds The moderately high radioactivity of the ty- 
rosine" permitted the admimstration of single small doses (5 mg), veil 
V ithin the normal phj siological range, and the subsequent measurement 
(with an accuracy of about 5 per cent) of fractions of the order of 0 001 to » 
0 0001 part of such doses 

The present experiments revealed that the caibon cham of the t5T’osme, 
unlike the ammo nitrogen, does not contribute significantly to the forma- 
tion of other ammo acids 

EXPEBlMENTAIi 

Measurement of Radioactivity — ^Because of the very soft /3-rays emitted m 
the dismtegration of C'^, it v as necessaiy to use a supported thin mica win- 
dow bell type tube (3) with the Geiger-Muller counter for the measure- 
ments The samples (generally 3 to 30 mg ) v ere collected on small filter 
papers vith the aid of suction flasks of the type described by Melchior and 
Tarver (4) In certain cases, eg in the preparation of tjTOsine* standards, 
solutions or suspensions were evaporated to dryness on thin aluminum 
disks In order to compensate for errors due to self-absorption of radia- 
tion, the standards vere mixed vith amounts of ordmaiy tyiosme or pro- 
tein comparable to the v eights of the unknoum samples measui ed 

* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Gron th of the National Research Council) and the Rockefeller Foundation 

t National Cancer Institute Senior Research Fellow 

' The authors thank Dr M Calvin and Dr J C Reid of the Radiation Laboratorj 
of the Unii ersitj of California for generously furnishing this isotopic tyrosine 
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Tyrosine^ Soluhom — 5 mg samples of tjTosme'^ weie dissolved in 1 ml 
portions of 0 08 per cent sodium caibonate solution A small accurately 
measured fraction of each solution vas used to piepaie the standaids al- 
ready mentioned The radioactivity, as measured m the Geigei counter, 
amounted to approximately 70,0C0 counts per minute pei mg of tjTosine* 
Expenmenial Ammals — The experiments veie pei formed vith five male 
rats V eigliing about 200 gm Tv o of the animals had bilateral bunphosar- 
comas These tumors vere month-old tiansplants from a spontaneous 
saicoma - Aftei a 12 hour fast, 1 ml of the tyrosme*^ solution vas injected 
into the jugulai vem of each anunal Dm mg subsequent periods of 
specified duration, the urme was collected, and the animals weie fed the 
usual diet Finally the rats veie sacrificed and the body tissues analyzed 
as described below 

Preparation of Proteins — The blood, obtained by cardiac puncture, vas 
collected and centrifuged The vaiious organs and tissues weie excised, 
and the remainmg "carcass” vas giound and sampled 
The tissue fractions veie giound in a Potter t3q)e (glass) homogenizei 
in the pi esence of excess 10 per cent trichloroacetic acid The i esultmg pi e- 
cipitates vere collected by centrifugation, v ashed with 5 pei cent tiichloro- 
acetic acid, suspended twice in vaim acetone and lastly m ethei, and dried 
m air 

Isolation of Tyrosine — The protein samples were autoclaved with 15 parts 
of 6 N hydrochlonc acid in scaled tubes for 20 hours at 15 pounds piessure 
Then the hydiolysates vere freed of hydrochloric acid by evaporation to 
dryness in vacuo, folloved by tieatment vith silver caibonate Decoloiiz- 
ing carbon v as also employed in the course of this procedui e The solu- 
tions V ere concentrated to small volumes, adjusted to pH 5 7 with alkali, 
and the tyrosine crystallized out at 5° 

The ciudc tyrosine was collected by centrifugation and reciystallized 
three times from boilmg v ater The pui ified pi oducts v ere transferred to 
filtei papeis vith the aid of alcohol washmgs and dried The i adioactivity 
of each sample v as then determined, and finally the tyrosme was ledissolved 
in acid and determined colorimeti ically by the Bernhart modification of the 
Millon-Weiss leaction (5) The coloiimetric \alues veie about 5 to 10 
per cent lovci than the corresponding v eights of the tyiosme preparations 
Dicarhoxyhc Amino Acids — After removal of the crude tyrosme from the 
hydrolysates, saturated hot barium hydroxide solution was added to the 
lattei unt il pH 9 5 to 10 0 v as i eached After centrifuging to remove small 
amounts of bai lum caibonate, the solutions v ere treated v ith 3 volumes of 
alcohol dhe i esultmg piecipitates of the crude barium salts of glutamic 

’ These rnts w ere kindlj supplied bj Dr H B Jones of the Radiation Laboratory 
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and aspartic acids were collected by centrifugation and then redissolved in 
water In order to remove completely any traces of radioactive tyrosme, 
a moderate amount of the L-tyrosme carrier (about 50 mg per gm of orig- 
mal protem) was dissolved in each solution Then 6 n sulfuric acid was 
added to pH 5 7 to remove the barium and to permit subsequent crj'stalhza- 
tion of the tyrosme carrier This crj'stalhzation of the tjTosme v as agam 
accomplished by concentratmg the solutions and coolmg them to 5° 

The dicarboxyhc ammo acids n ere reprecipitated as before with barium 
hydroxide, transferred to filter papers, washed wnth alcohol, dried, and 
counted for radioactivity Inasmuch as the C** content of the samples w as 
always quite low, the isolation of pure glutamic and aspartic acids w as not 
undertaken. 

Arginine — ^After removal of the crude dicarboxyhc acid fractions, the 
alcohohc solutions w ere concentrated to small volumes to remove the alco- 
hol Then 6 N sulfuric acid w as added to pH 4, and the resultmg barium 
sulfate precipitates removed by centrifugation To the solutions w as added 
flaviamc acid, whereupon argmme diflavianate crystallized out The cr 3 ^- 
tals were collected on filter papers, washed w ith wmter, dried, and tested for 
activity 

Residual Amino Acids — ^The filtrates from the argmme didavianates 
were freed of flaviamc acid by acidification with hydrochloric acid and ex- 
traction with 71-butanol The colorless aqueous solutions w ere evaporated 
to dryness and the residues tested for radioactivity Smce the radioactiv- 
ities were very low, further isolation of mdmdual ammo acids w'as not 
attempted. 


Analysis of Unne 

The urme, collected at specified mtervals, w’as made up each time to 25 
ml with water The total radioactivity was determmed by evaporatmg 
a suitable aliquot (e g , 0 1 ml ) of the solution to dryness on an al uminum 
disk and measurmg the activity of this sample 

Urea — Urea could be Lsolated convemently from the urme by makmg use 
of the xanthydrol precipitation method of Allen and Luck (6) To a 2 ml 
sample of the urme solution w ere added 3 ml of w^ater and 5 ml of glacial 
acetic acid Then 0 5 ml of 10 per cent xanthydrol (m methanol) was 
added, and after an hour, the resultmg precipitate of crystallme dixanthy- 
dryl urea was collected on filter paper The crystals w ere w ashed first ivith 
50 per cent acetic acid and then with methanol, dried, and counted for 
radioactivity 

irTyrosine — A weighed sample (approximately 20 mg ) of pure L-tyrosme 
carrier was added to a 2 ml aliquot of the urme solution After heatmg to 
dissolve the tyrosme, the solution was adjusted to pH 5 7, concentrated. 



192 


PEOTEIN MET VBOLISM I 


and cooled to 5°, Bheieupon the tyiosine ci 3 ^stallized out The lattei ^\as 
jecofetalhzed thiee times fiom boding uatei The i cadioactivitj’' values 
veie collected foi the loss of tjuosme dm mg the ieci 3 '’stallizations 

TfL-Tyiosine — The same piocediue as that for L-tjuosme was folloved, 
except that a dl earner v as emplojmd 

Hippunc Acid — The pioceduie was the same as that foi L-tjuosme, ex- 
cept that the hippuiic acid was cij’-stalhzed out bj’’ acidifj'^mg the solution 
v itli h jtIi ochloric acid 

Cieatimne — weighed quantity (appioximatelj'' 20 mg) of cieatinine 
was added to 2 ml of the urine solution The cieatinine vas then le- 
coveied and purified as desciibed b 3 '' Bloch and Schoenheimei (7) 

Ketone Bodies — Two methods emplo 3 ''ing caiiieis veie used foi isolation 
The fiist consisted of the addition of about 50 mg of acetoacetic acid to 5 
ml of mine solution, and then lecoveiy of this acid as the 2,4- 
dinitiophenylli3’-diazone deiivative The second method involved the 
addition of about 10 mg of acetone to 5 ml of mine solution and recoveiy 
of the acetone as the meicui 3 ’' sulfate complex, following tieatment vith 
Deniges leagent and potassium dichi ornate accoidmg to the Van Sl 3 dve 
method Ilowevei , since tyi osine also yields a precipitate upon oxidation 
vith dichiomate, the mine vas fiist fieed of t 3 nosmc’ by the lepeated addi- 
tion and lemoval of 50 mg poitions of the DL-tyi osine caiiiei Six lepeti- 
tions of this piocess veie lequiied to lemove all of the ladioactive tyiosme 

EESULTS AND DISCUSSION 

Constituents of Tissues 

I ncoi poi alion of C*’ into Piofeins — ^The lelative concentiations and total 
contents of radioactive caibon in the pioteins of the various oigans of noi- 
mal and tumoi -healing lats following the admimstiation of t 3 n osine* aie 
gi\ en m Table I 

In tlie left half of Table I it is seen that, in the couise of the 6 houi peiiods, 
the mtestmal mucosa attained the highest concentiations of C" Since 
the t 3 1 osine w as gn en intiavenousb’’, this finding is not complicated by the 
factoi of absoiption The high latc of piotein svnthesis b 3 ’’ the intestinal 
mucosa has been obseivcd reccntlv m expeiiments with labeled methionine 
(S) 1 he kidiic 3 ^ and plasma had the next highest activities, followed b3'’ 

the Iner The testes, carcass, and biain had lowei C“ concentiations, 
while muscle was still less actuc The red blood coipuscles weie the least 
actne of all tissues examined, since then concentiations of C" were 
genei illv too low to be detected b 3 the Gcigei countei ’ The high activit 3 '’ 

’ riiL incubation in iitro of rit blood with tjrosino* likewise icsiilfcd in no ap 
prccmblc iijit ikc of C‘* bj cither red cells or plasma proteins 
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of the tumor protein is sigmficaut In gcneial, the nonnal and sarcoma 
tissues exhibited rather similar patterns 
The results foi the 3 and 5 day periods lesemble tho^e of the 6 hour ex- 
periments, except that the C“ concentrations u ere progressively reduced 
In addition, the lesults for the 5 day period indicate a much more uniform 
redistribution of the C” and a tendencj foi the different tissues ultimately 
to reach a common C" concentration 


Tibik I 

Incorporalton of C** tnlo Proteins Following Admimstralion of Radioacliie Tyrosine 

to Rais 


Organ or tissue 

Activity per gm protem os per cent of 
administered do c 

Normal rat 

Rat With sarcoma 

6 hrs 

3 da>a 5 dw>s 

6 hrs 

3 da>s 

Intestinal mucosa 

7 0 

2 3 

0 4 

7 3 

1 5 

Kidnej 

5 3 

2 8 

1 2 

4 5 

2 8 

Plasma 

4 0 

2 8 


4 3 

1 5 

Spleen 

t 

15 

0 5 

t 

1 3 

Liver 

2 3 

1 5 

0 7 

2 0 

0 9 

Testes 

1 3 

1 2 

0 8 

0 8 

0 7 

Carcass 

0 7 

0 0 

0 5 

0 3 

0 3 

Brain 

0 0 

0 6 

0 5 

0 5 

0 3 

Muscle 

0 2 

0 1 

0 2 

0 1 

0 1 

Hed blood cells 

0 0 

0 0 

0 1 

0 0 

0 0 

Tumor 

1 



4 0 

1 4 


Total activity in protein of rhole 
organ as per cent of administered dose* 


Normal rat 


Rat wiUi sarcoma 


6 his 



i 

a 


1 

90 

0 


0 

OS 

1 

05 

0 

40 

1 

80 

0 


1 

05 

1 

23 

1 

10 

0 

90 

0 

50 



0 

85 

0 

30 



0 

16 

0 

05 

t 

0 

50t 

3 

20 

2 

40 

0 

95 

3 

55t 

2 

lot 

0 

30 

0 

20 

0 

15 

0 

20 

0 

13 

15 

5 

8 

0 

8 

0 

10 

3 

6 

8 

0 

12 

0 

12 

0 

OS 

0 

11 

0 

06 

t 

t 



t 

t 

0 

00 

0 

00 

0 

10 

0 

00 

0 

00 







8 

3 

3 

95 


protein of the entire organ 

■f Included m the carcass \ alue 
t This organ was soIne^^hat enlarged 


Because of the probable lelationship of tyrosme to adrenahn and thy- 
roxine, it u as of interest to measure the specific radioactmty of the adrenal 
and thyroid proteins These actmties, hovexer, xsere only of moderate 
magnitude, each about equal to that of the testicular protem The non- 
protem fractions of the tv o glands had xerj’- lov activities 
The right half of Table I affoids a comparison of the total uptakes b 3 ' 
the different organs It may be noted that the tumor tissue of the sar- 
coma-bearing rats accounted foi one-third and one-fourth of the total C“ 
incorporated into bodj' proteins for the 6 hour and 3 day periods, although 
the tumors comprised onlx 9 and 11 per cent, respectix^ely, of the total 
XX eights of the anunals The generally lover content of the different 
organs in the sarcoma-bearmg rats, as compared to the normal animals. 
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appears to be a consequence of both the smaller size of these organs (liver 
and spleen excepted) and their slightly Ion ei concentiation 

Content of Isolated Tyrosine — ^Table II gives the distribution of tyro- 
sine" in the various organs of the noimal and the sarcoma-beaiing rats for 
the 6 hour experiments Qualitatively similar data (not included) were 
obtained for the 3 day peiiods The relative C“ concentrations in the ti- 
rosine preparations parallel fairly well the activities of the pioteins m Table 
I, wdiile their total content accounts for about one-thiid of the ad- 
ministered dose As w lU be indicated subsequentlj’’, the tju osme accoun- 
ted foi almost all of the radioactivity of the tissue pioteins B 3 ' contrast, 


Table II 

Content of Tyrosine Isolated from Tissue Proteins 



Activitj per mg tyrosine as per 
Cent of administered dose 

Total activity in tyrosine of 
whole organ as per cent of 
administered dose' 

I Normal rat 

1 Kat with 
[ sarcoma j 

Normal rat ^ 

Rat with 
sarcoma 

Intestinal mucosa 



2 1 

0 81 

Kidney 


0 09 i 

1 3 

1 05 

Plasma 


0 10 

0 60 

0 65 

Liver 


0 045 

3 7 

3 45 

Carcass 


0 02 

25 0 

19 0 

Testes 


0 02 

0 2 

0 16 

Brain 


0 01 

0 2 

0 07 

Muscle 


0 01 

1 1 

0 36 

Tumor 


0 10 j 


9 75 


* Product of the activity per mg of tyrosine X per cent t3TOSine in protein X total 
u eight of protein The percentage of t3TOBine u ns determined by colorimetric nnal- 
3 SIS ( 5 ) on material from other rats 


Schoenheimer, Ratner, and Rittenberg ( 1 ) cstunated that only a fourth of 
the N'^ incoi pointed into proteins was due specifically to tjuosme, following 
the feeding of this isotopically labeled ammo acid to lats 

Dicarboxyhc Atinno Acids — ^\''eiy small concentrations of C‘'‘ were de- 
tected m the dicarboxylic acid fiactions of the more active tissues (Table 
III) If the total dicaiboxjdic ammo acid content of the organs is taken 
into account, it mav be estimated that the C*'* in these amino acids amounts 
to lcs‘; than 1 per cent of the administered doses Still lower values were 
obtained foi the 3 dav periods The finding that C“ appeal s in dicaiboxyhc 
ammo acids after feeding tjiosme is m agieemcnt with a sepaiate expeii- 
ment (not lecordod m the present papei) m winch a considerable fi action of 
the C'^ was found in the lespired carbon dioxide after the administration of 
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labeled tjTosme to a rat Delluva and Wilson (9) have found recently that 
the injection of isotopic bicaibonate results in its incorporation into both 
glutamic and aspaitic acids, and ha\e discussed the possible pathway for 
this transformation Schoenheimer and coiiorkers (1) observed that mod- 
erate quantities of isotopic dicarbovylic ammo acids n ere formed from tyro- 
sme contammg but concluded that this effect is as chieflj one of ammo 
nitrogen transfer 

Argimne — ^None of the diflavianates, includmg those fiom livei proteins, 
had detectable concentrations of C“ Hois ever, small but definite C'^ con- 
centrations IS ere found in the urea isolated from urine (Table V) Schoen- 
heimer and coisorkers (1) found N*' in both the guamdme moiety of liver 
argmme and m uiinary urea folloivmg the feeding of isotopic tyrosme, m 
agreement isnth the Rrebs-Hanseleit theoiy Our inability to detect 


Table III 

C“ Content of Dtcarboiylic Ammo Acids 


Tissue 

Activity as per cent of adimnistered dose per 
mg banum salt X 1000 

X'onnal rat (6 hrs ) 

Kat with sarcoma 
(6 hrs ) 

Intestinal mucosa 

1 2 

0 8 

Kidney 

0 8 

0 5 

Liver 

0 3 

0 3 

Plasma 

0 2 

0 3 

Testes 

0 2 

0 1 

Tumor 


0 7 


in liver argmme is probably a consequence of too great a dilution of the iso- 
topic form of this ammo acid by the normal argmme of the hver 

Residual Ammo Acids — ^These fractions ss ere losv m activity and com- 
prised about 0 5 per cent of the admmistered dose m each animal Hoss - 
ever, appreciable quantities of radioactive neutral ammo acids may have 
been coprecipitated uuth the crude tyrosme and thus lost to the residual 
fractions 


Conslituenis of Unne 

Table IV mdicates that the rates of urmary excretion of C'* were similar 
for the normal and the sarcoma-bearmg rats durmg a 3 day period Fol- 
low ing the mitial rapid excretion, the subsequent elimination of radioactive 
substances fell to a low rate 

The imtial rapid excretion probably reflects the ehmination of the mcom- 
plete oxidation products from the catabolism of the free tyrosme Subse- 
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quently theie is a mucli sloiiei excietion of the pioducts of catabolism of 
the tyrosme incoipoiated into the tissues 
The substances that ueie isolated, listed in Table V, account foi onlj a 
fraction of the total ladioactivities of the mine samples 

Tyrosine — The fact that the bl caiiiei accounted foi approMmateb" tii ice 
as much C" as the l carriei suggests that appio\imately equal piopoitions 

Table IV 


Rale of L'linauj Exachon of C“ after Adanmslrahon of Racboacliie Tywsine 


Time after administration 

Per cent of administered radioactivity in urine 

Normal rat 

Rat uith sarcoma 

dais 



1 * 

2 1 

23 5 

27 0 

1 

1 6 

2 4 

2 

1 0 

1 3 

3 

0 5 

0 S 


Table V 

Dtsluhulion of w Uunc Collected 6 Houis aftci Advnmsti alion of 

Radjoaettve Tyiosvic 



Activity in per cent of administered 

Constituent 

1 dose 


Normal rat 

Rat with sarcoma 

Total constituents 

18 5 

15 5 

l-Tj losinc 

2 45 

1 8 

dl-Tj rosinc 

4 0 

3 4 

Urea 

0 S 

0 5* 

Accfoaccfic acul (dinitrojihcn) II 13 drazonc) 

1 6 


Ketone Iiodics (Dcniges ppt ) 

1 3 


IIijipuiic ncid 

0 5 

0 2 

Creatinine 

' 0 I 

■ 0 1 

1 


" rho \nliic 0 15 BBS obtained nlicu urea was decomposed bi uiease and the CO 
trapped in BaCOII)” 


of L- and n-ljiosinc ueie pieseiit in the mine In expoiimeiits with cats 
(10) and humans (11), m which ielativel3''laige amounts of DL-tjiosine wcie 
fed, the mine was lepoi ted to contain moie of the d than of the L foi m 
I ica — The finding of C' in uiea agiees with the exponment, aheady 
cited, m which the caibon dioxide of the expiicd an contained C'’ 

Kclonc Bodies — In igi cement with the view of Wakeman and Dakin (12) 
md Edson (13) tliat ketone bodies maj'' be foimccl fioin tjiosine, a con- 
^idei dile C" concentrilion was found in the ketones isolated fiom the 
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urine Butts, Dunn, and Hallman (14) failed to find ketone bodies in the 
urine of rats after feeding oidinarj DL-t3T05ine, although subsequently 
Butts, Sinnhuber, and Dunn (15) found L-tyTO'^irc to be ketogenic 
Hippunc Acid and Crealimne — ^The findmg of in both these 
compounds makes it highly probable that small amounts of glj’^eme n ere 
formed from the tyrosine Inasmuch as the formation of glycine from ace- 
tic acid has been obser\ed, the follotnng sequence appears plausible 
tyrosine — ' acetoacetate — > acetate gh'cine 

SUAIMARY 

Tjrosine labeled nith radioactne caibon, C“, was used to mAestigate 
the metabohsm of this amino acid m normal and m tumor-bearmg rats 
was rapidly incoiporated into the proteins of the various organs of the 
animals, folloiving the adraini'^tration of the tj rosine Intestmal mucosa, 
kidnejq and plasma had the highest C'^ concentrations, followed by^ hver 
and spleen Lowei concenti ations of the isotope were found m testes, 
bram, and muscle The tumor protems had high activity and accounted for 
sizable fractions of the total protem-bound C‘^ 

Ammo acid isolations show ed that almost all of the radioactmty of the 
protems was due to tyrosme itself Loir C’^ concentrations were found m 
the dicarboxylic acids 

Anatysis of the urmary constituents mdicated the presence of 0^“ m ty- 
rosine, urea, creatmme, hippunc acid, and ketone bodies 
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STUDIES IN PROTEIN IMETABOLISM WITH COMPOUNDS 
LABELED WITH RADIOACTIVE CARBON 

II THE METABOLISM OF GLYCINE EST THE EAT* 

Bt DA\TD M GREENBERG and THEODORE WINNICK 
(From the Division of Biochemistry, University of California Medical School, Berkeley) 

(Received for publication, October 15, 1947) 

Glycine labeled with heavy nitrogen (N*'’) has been employed by Ratner, 
Rittenberg, Keston, and Schoenheimer (1) and by Shemin and Rittenberg 
(2) to study the metabolism of this ammo acid m rats The N*^ concentra- 
tions m the proteins after the feedmg of labeled glycme were mdicative of 
the rates of protem regeneration m the various organs of the ani m a l s 
From hj'drolysates of the proteins, different N'^-contaimng ammo acids 
were isolated The presence of N*® m these compounds reflected ammo 
mtrogen transfer 

Other papers have dealt with the role of glycme as a precursor of gluta- 
thione (3), protoporphyrm (4), and unc acid (5, 6) 

The present paper is concerned w ith the fate of radioactive glycine (gly- 
cme*), labeled on the carboxyl carbon wuth C'S m rats With this com- 
pound, the relative rates of mcorporation of C‘* mto the protems of the 
different organs, and also the retention of C“ by these protems, were deter- 
mmed The utilization of the carboxjd carbon of the glycme* for the for- 
mation of other ammo acids was studied, and the distribution of among 
certam important urinary constituents w as determmed 

EXPERIMBNTAIi 

The glycme* was synthesized by Ostwmld (7) Its activity corresponded 
to approximately 25,000 counts per mg per mmute wuth the Geiger counter 
The techmque of radioactivity measurements was described m Paper I of 
this senes (8) 

Incorporation of into Proteino — F ive male rats, each weighmg approxi- 
mately 180 gm , were fasted overnight and then given a smgle dose of 25 
mg of glycme* m 1 ml of w ater by a specified route Then the flnimn.k 
were sacrificed after different mtervals The protem fractions from the 
different organs were prepared and their radioactivity determmed as pre- 
viously described (8) 

Analysis of XJnne — ^The distribution of among certam urmary con- 

* Aided by grants from the Amencan Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council) and the Rockefeller Foundation 
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stituents Avas determined as already descnbed (8) In the case of the ke- 
tone bodies, the Van Slyke method, m ii Inch Denigfes i eagent was emploj ed, 
A\as applied dnectl3’’ to a fi action of the uiiiie to Ailiich the acetone earner 
had been added 

Isolahon of Ammo Acids — In oidei to attain a gieatei degiee of incoi- 
poiation of into the tissue pioteins, five 10 mg doses of gbxiiie''' vere 
given (bj'' stomach tube) at about 10 houi mteivals to a 2C0 gm male ia( 
10 houis aftei the last administi ation the animal vas killed The piotein 
fractions, piepaied fiom the following oigans weie pooled livei, kidnej', 
lungs, intestines, spleen, testes, and plasma This niateiial, iveighing 4 1 
gm , w as hj’^di olj’’zed bj' autoclavmg it w itli 50 ml of 4 n lij-di ocliloi ic acid 
for IS houis at 15 pounds piessuie The hydiolj'sate w as decoloiized with 
caibon, ei apoiated to di3’’ness m vacuo, and subsequentl3’' diluted to 50 ml 
w ith w atei 

In anal3'’zing the Itydi ol3’-sate, we simpl3’^ detei mined the peicentages of 
the total C‘^ contained in the difteient ammo acids Foi this puiposc, 
scpaiatc aliquots of the h3"di ol3^sate weie emplo3’’ed foi the isolation of in- 
dn idual amino acids Non-iadioactive cairieis weie added to the aliquots, 
to make possible the lecoven'’ of tlic labeled amino acid in question in both 
highei 3’’iold and in puiei foim 

Dicaihoxyhc Ammo Acids — 200 mg of L-glutamic acid and 100 mg of L- 
aspai tic acid weie added to 10 ml (one-fiflh) of the h3’'di ol3’’sate Fromtlic 
lattei the mixed calcium salts of the dicaibo\3dic acids weie piepaied 
iVftei lemoval of the calcium with oxalate, glutamic acid was sepaiated 
liA' Cl Vhtallization fiom a concentiated h3Thochloiic acid solution It was 
then leci vstallized fiom the same sohent Found, N 7 85, theol3^ N 7 67 
Aspaitic acid was piecipitated fiom neutial solution as the coppei salt 
The laltei was decomposed with lu'-diogen sulfide, the coppei sulfide ic- 
mmed, and tlie fiee aspaitic acid crystallized fiom aqueous alcohol solu- 
tion Found, N 10 25, theoqv, N 10 53 
Arginine — To 5 ml (one-tenth) of the liAydiobysate AACie added 50 mg 
of L-aigimnc 113 di ochloi ide Aiginine cbflavianatc was subsequently iso- 
lated, and fiom it aigimnc monoh5ydi ochloi idc was piepaied Found, 
X 20 0, thcoi A , X 20 7 

Ghjcinc — To a 1 ml aliquot of IrThohsate (pH 1) weie added 15 mg of 
gh ciae and 150 mg of potassium ti loxalatochiomiate Then 3 a olumes of 
ctliAl alcohol wore added, and the mixUiic shaken foi S houis The pre- 
(ipitated gl\ cine salt A\as lecrstalhzcd tA\icc fiom dilute In'di ochloi ic acid 
bA adding 2 a olumes of alcohol Found, X 2 15, thcoi 3^, N 25 foi 
(Cl (C20,)3)eKn(C;IIc0jX)6 SlhO (0) 

PrnJinr — To 3 ml of In droh sate a\ etc added 50 mg of L-pioline, folloAicd 
1)\ 200 iinr of .immomum iliodanilito (10) in 3 ml of methanol The ic- 
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suiting crystalline precipitate of prolme rhodamlate was recrystallized twice 
from methanol by addmg 0 1 n hydiochbnc acid Found, N 15 4, theory, 
N 16 2 for (Ci6lliibrcS4Cr)(C5Hio02N) HjO 

Senne — To 5 ml of hydiolysate nere added 200 mg ofDL-serme Then 
0 6 ml of metbjd cellosolve and 800 mg of p-hydroxj azobenzene-p-sulfonic 
acid u ere added The resulting serine salt \\ as purified by the method of 
Stein and conorkers (11) Subsequently the salt Mas decomposed Mith 
barium acetate, and serine nas isolated and recrystallized from aqueous 
alcohol Found, N 12 9, theory, N 13 3 


Tabi/E I 

Relalite Rales of C*‘ Lplake and Tumoicr by Protcvns of Different Organs of Rats 


Organ 

ActiMty in per cent of atlmmistered C“ found per gm 
protein after 


i hr • 

6 hrs * 

18 hrs 

3 days 

5 days 

Intestinal mucosa 

0 3 

3 7 

3 25 

1 35 

0 95 

Bone marrow 

0 2 

2 15 

2 2 

1 4 

0 9 

Liver 

0 25 

i 2 05 

1 35 

1 1 2 

0 85 

Kidnei 

0 16 

i 1 95 

1 3 

1 1 

0 95 

Plasma 

0 05 

j 1 8 

1 6 

0 95 

0 75 

Spleen 

0 05 

1 45 

1 25 

0 8 

0 6 

Lung 

0 16 

1 25 

1 1 

0 85 

0 65 

Testes 

0 05 

0 6 

0 5 

0 45 

0 4 

Muscle 

0 0 

0 15 

0 2 

0 2 

0 2 

Red blood cells 

0 0 

0 15 

0 15 

0 2 

0 25 

Brain 

0 0 

0 1 

0 15 

0 1 

0 1 


* The i and 6 hour values arc for glj cine* given intravenously, and hence are not 
strictlj comparable n ith those for the longer times, which correspond to administra- 
tion by stomach tube 


Tyrosine — ^This ammo acid ivas isolated and purified as previously de- 
scribed (8) 


KEbULTS AND DISCUSSION 

Incorporation of into Proteins — ^The data m Table I mdicate that fel- 
low mg the admmistration of a smgle dose of glycine* the concentration 
in the proteins of most orgams reached a peak withm approximately 6 to 18 
hours Subsequently the values approached a common low er level While 
the levels m the piotems were lery low m the | hour experiments, the 
corresponding non-piotein filtrates were found to have very high radioac- 
tmty In the 3 and 5 day experunents, the non-protem filtrates had negli- 
gible activity 

The relative actnities of the different organs confoim fairly well to the 
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pattern observed m studies with labeled methionine (12) and tyiosine (8) 
Protems of the mtestmal mucosa showed the gi eatest ability to accumulate 
Other active tissues v ere bone marrow, liver, kidney, plasma, spleen, 
and lung Least active ivere muscle, red blood cells, and biam These 
results are qualitatively similai to those of Ratner and coworkers (1), who 
found high concenti ations m piotems of liver, mtestmes, and serum, 
but low levels m muscle, bram, and erythrocytes, followmg the feeding of 
N^®-labeled glycine 

Shemm and Rittenberg (2) likewise found that piotems which started 
above the average isotope level steadily deci eased in N*® concentration, 
while the carcass slowly mcreased with time They estimated the half life 


Table II 

DistribvHon of C^* among Ammo Acids of Tissue Proteins 


I 

Ammo acid 

C*' content in per cent of total 
C>‘ ID hydrolysate* 

Glycine 

60t 

Glutamic acid 

12 

Aspartic acid 

5 

Arginine 

3 

Serine 

0 

Prolinc 

0 

Tyrosine 

0 


* Inasmuch as several doses of glycine* n ere administered and pooled tissue pro- 
teins hjdrolyzod, it nas not feasible to express the activities of the ammo acids 
in terms of the administered glycine*, as was done in Paper I (8) 

t In a separate experiment in which the glycine* was isolated with the aid of ex- 
cess carrier, a \alue of CS per cent was obtained 

of N'® m the liver protems to be 6 5 days IITiIe our data are not suS- 
ciently e\tensi\e to peimit an accurate calculation, we estimate the half 
life of to be appi oximately 5 days in the protems of the moie active in- 
ternal organs, including livei 

From the weights of the proteins of the different oigans, it was calculated 
that the total C” incorpoiatcd comprised about 8 pei cent of the admims- 
tered dose in eithci the 6 oi IS hour expeiiments Less than 4 per cent 
of the C'^ appeared m the ui me in 18 hours How ever, about 50 pei cent 
of the admmisteicd C'^ was lecovcied in the caibon dioxide of the expired 
air during tins inteival The same icsult was obtained by Olsen, Heming- 
wax , and Niei (13) when C'“-labeled glycine was fed to mice 

(7‘^ Content of Aimno Acids — Table II indicates that most of the radio- 
actnity in the tissue proteins was accounted for as glycine The lower 
concentration of C“ in glutamic and aspartic acids w'as denved from 
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glycine by mechanisms still unknown No radioactivity C6ul(l be detected 
m the serme, prohne, or tyrosine While the precuisors of senne and 
prohne are unknown (14), the present results cast doubt on the supposition 
that the glycine molecule is a precursor of either of these ammo acids m the 
rat Very recently Ehrensvard and coworkers have found that labeled 
glycine may give nse to isotopic prohne and serine m yeast (15) 

Shemm and Rittenberg (2) found a high isotope concentration in glycine 
and loner concentrations m glutamic acid and argimne after feedmg N*®- 
labeled glycine The tyrosme isolated by them also contamed isotope, re- 
flecting ammo mtrogen transfer 

Distribuiwn of in JJnne — Table m mdicates that hippuric acid and 
free glycme together account for about two-fifths of the total C*'* of the 


Table III 

Dislnbulion of C“ among Unnary Consltluents 
The urme was collected over an 18 hour period 


Compound 

content tn per cent of admm 
istered dose 

Total constituents 

3 7 

Urea 

0 8 

Hippunc acid 

1 0 

Glycine 

0 5 

Creatinine 

0 2 

Ketone bodies 

0 1 


urme Creatinme bad a smaller concentration of C’^, very likely contained 
m the glycine component 

One-fifth of the urmary C‘^ was present m urea This is probably 
derived chiefly from the liver argmme The feeding of N'Mabeled glycme 
was shown (2) to result in a concentration of N'** in urmary urea very nearly 
the same as that m the amidine group of liver argmme 

The very low radioactivity m the ketone bodies is in accord with the view 
that glycme is not ketogenic By contrast, the administration of t 3 nosme* 
led to a much higher concentration m the urmary ketones (8) 

SUMMARY 

Glycme, labeled m the carboxyl group nith radioactive carbon, 
was used to study the metab ilism of this ammo acid m rats The con- 
centrations in the proteins of the different body organs v:ere determmed for 
varymg time intervals follomng the admmistration of smgle doses of the 
labeled glycme to the ammals In most organs the radioactivity reached a 
peak after about 6 to 18 hours Thereafter the C** concentrations slowly 








204 


PROTEIN METABOLISM II 


appioached a common lonei level The moie active oigans veie intes 
tines, bone mai i o\v, hvei , kidney, plasma, spleen, and lung Muscle, red 
blood cells, and brain we. e least actn e m uptake 

Appi oMmatcly GO pei cent of the 0^“* in the hydiolysate of the proteins 

V as accounted foi as gli'^cine Much smallei concentrations v ei e found 
in glulamic acid, aspartic acid, and aigmine Tyrosine, serine, and piohne 

V ere inactive 

18 houis aftei the admmistration of i adioglycine, about 50 per cent of its 
was eliminated as respn atory carbon dioxide, while only 4 pei cent ap- 
peal ed in the ui me 

Uiea, hippuiic acid, and fiee glycine accounted foi most of the uiinary 
C’k while lou 1 adioactivities weie found in cieatinine and in the ketone 
bodies 
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THE PREPARATION OF SODIUM ACETATE LABELED WITH 
RADIOACTRT] Ci\HBON IN THE METHYL GROUP* 
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(Prom ihe RadtaUon Laboratory and the Department of Chemistry, Uniiersily 
of California, Ber} cley) 

(Received for publication, October 15, 1947) 

The purpose of this paper is to describe the preparation of sodium acetate 
from meth5d iodide* on a 15 to 25 imi scale by carbonating methyl 
magnesium iodide 

The several steps of the preparation and yields are as folloivs 


(1) 

-b hig — 

C*‘H,MgI 

100% 

(2) 

CiiHaMg! + CO. 

> C»HjCO.MgI 


(3) 

H-* 

C»HaCO Mgl > C''H CO,H 

70-75% 

(4) 

C“HsCOH — 5!! — ^ C»HaCONa 

100% 


Steps (1) and (2) were earned out m an evacuated closed system (Fig 1) 
The 150 ml conical reaction flask, D, contaimng 50 ml of dry ether and 0 5 
gm of magnesium turnings, ivas chilled vith liquid nitrogen and 1 ml 
(2 28 gm ) of methyl iodide distilled m from storage i essel B The reac- 
tion. vessel V. as closed off and the ether refluxed 1 hour The reaction flask 
uas then cooled to —20° and carbon dioxide, that had been dried bj'- pass- 
ing through a spiral immersed in dry ice-acetone and freed of oxygen and 
nitrogen by condensing u ith liquid air and evacuating at low pressures, 
i\as added from bulb J until a pressure of about 30 cm nas mamtamed in 
the system Stirring uas then continued foi 10 mmutes The leaction 
vessel n as removed from the line and opened in the hood and the cold ( —20° 
to —50°) Grignard complex decomposed iiith 15 ml of 6 n sulfuric acid 
After decomposition, an additional 35 ml of u ater u ere added 5^ of 
silver sulfate vere added to precipitate the iodide present The ether u as 
distilled off and the acetic acid u as steam-distilled from the reaction mix- 
ture u ith about 300 ml of u atei This distillate u as exactly neutralized 
Mith 1 N sodium hj’-droxide solution with a glass electrode, evaporated to a 
small volume, filtered, evaporated to dryness, and dried zn vacuo at 10“® 

* This paper is based on work performed under contract ISTo W-7405-Eng-48 of 
the Atomic Energy Commission with the University of Califorma 
> Tolbert, B M , / Am Chem Soc , 69, 1529 (1947) 
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Radioactive sodium acetate 



CO2 

Fig 1 Gngnard preparation and carbonation unit A, large liquid air trap, 
B, methyl iodide storage vessel, (7, dr 3 ’’ing tube, D, Gngnard flask, E, induction stir- 
rer, F, dr^' ice-acetone reflu\ condenser, 0, Bourdon type vacuum gages, H, thermo- 
couple type vacuum gage, J , to CO 2 storage bulb, K, mercury manometer, L, Solsyn 
generator stator Note that the manifold may be readily removed for cleamng 

mm piessure The yield of white anliydious sodium acetate was 70 to 75 
per cent, the titration and weighings agieeing within a few tenths per cent 
In several test runs v ith inactive methyl iodide, titration of the Giignaid 
solution showed the yield to be 98 to 100 pei cent in this step The silver 
sulfate IS necessarj’- to piecipitate the iodide from the reaction mi\tuie, if 
it is not added, fice iodine uill distil over and the product will be contam- 
inated With iodine compounds 


SUMMARY 

Sodium acetate labeled iwth m the methyl group has been prepared 
on a 15 to 25 mM scale m 70 to 75 per cent jneld by carbonating labeled 
methyl magnesium iodide in a vacuum system 




SYNTHESIS OF CHLOROACETIC ACID AND GLYCINE LABELED 
WITH RADIOACTIVE CARBON IN THE CARBOXYL 

GROUP* 

Bt ROSEMARIE OSTWALDf 

(From the Radiation Laboratory and the Department of Chemistry, University 
of California, Berl eley) 

(Received for publication, October 15, 1947) 

In order to investigate certain aspects of protem metabolism, it was de- 
sired to prepare glycine labeled wnth radioactive carbon The method of 
preparation v as chosen v ith the object of obtaining the highest possible 
yields, and techmques suitable for handling small amounts of material were 
used throu^out The reactions employed and the yields obtamed were as 
follows 

The synthesis involves three steps, namely, conversion of sodium acetate 
to acetic acid (yield, 98 per cent), chlormation to monochloroacetic acid 
with PClb m the presence of phosphorus and lodme (yield, 70 to 90 per cent), 
and amination with ammonia m the presence of ammonium carbonate 
(yield, 80 to 90 per cent) 


EXPERIMENTAI, 

Chloroaceltc Acid — A platinum boat charged with 1 4081 gm of car- 
boxyl-labeled anhydrous sodium acetate (1)* vas placed in a horizontal 
glass tube and dried in vacuo at 3 X 10“^ mm of Hg for 24 hours The tube 
was then connected to a tram of three traps, each of which was cooled mth 
an isopropyl alcohol-dry ice mixture, the last trap vas protected mth a 
calcium chloride tube Gaseous hydrogen chloride, dried with concen- 
trated sulfunc acid, drierite, and anhydrous alummum chloride, was passed 
slowly through the tram The tube w as gradually heated and the liberated 
acetic acid distilled mto the traps When the reaction was complete, the 
three traps w ere connected to the vacuum Ime and the contents w ere dis- 
tilled mto a small reaction vessel (Fig 1), which was cooled with liquid 
mtrogen The product contamed 10 to 15 per cent water and a consider- 

* This work was done under the auspices of the Atomic Energy Commission, under 
contract No W-7405 Eng-48 with the University of California 

1 Supported by a grant to Professor D M Greenberg, University of California, 
from the Amencan Cancer Society (recommended by the Committee on Growth of 
the National Research Council) 

^ The author wishes to thank R M Lemmon for the preparation of the carboxyl- 
labeled sodium acetate 
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CHLORO^CETIC ACID AND GLYCINE 


able amount of gaseous hj'-diogen chloude The leaction vessel, piotected 
bj’’ a low tempeiatuie condeasei cooled mbh isopiopyl alcohol-diy ice and 
fitted u ith a calci am cLbi lie tube, was u ai med to i oom tempei ature 0 Co 
gm of acetic auhydiide uas added and tl e mivtuie uas lefluxed for j hour 
to remove the water A mivtuie of 0 02 gm of iodine, 0 01 gm of phos- 
phoius, and 0 08 gm of phosphouis pentachloi ide vas added (2), and diy 
chloiine was passed thiough the S}’’stem at ieflu\ tempeiature foi 2| houis 
(see Fig 1) 

iVftei the chloiination vas completed, all of the mateiial m the condensci 
and in the gas inlet tube was distilled tn vacuo back into the leaction les- 
sel, vhich was cooled in liquid nitiogen The chloioacetic acid vas then 

ISOPROPYL ALCOHOL 



Fig 1 Reaction vessel for chlorination 

jnnified bj^ fi actional sublimation m vacuo onto a cold finger condenser 
Idled vith pondcied dij ice 

The jicld of pine pioduct uas 1 52 gm , m p 00°, vhich is 67 pci cent 
based on anln di ous sodium acetate Pievious i tins n ith inactn e inatei lal 
had gn en ^ iclds of 85 to 90 per cent 

Tlie sodium acetate used had a specific activitv (1, 3) of 1 6 X 10® counts 
pci inimito pci mg Tlie total actnit}'’ nas 050 miciocuiies The chloio- 
acetic acid obtained had a specific actuity of 5 X 10'' counts pci minute 
pci mg and a total actuitj of 440 miciocunes The activitv lecovered 
fiom losiclucs and washings was 100 miciocuiics 

Glycnic — Cdi cine lalieleJ v ith C'" has been piepaied by sevcial mi cstiga- 
toi^ (t-O) Ghcme libeled with C" has been described bj Gunn and Dcl- 
lu\ I (7) 
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A mL\ture of 3 2 gm of po\\deied ammonium carbonate, 10 ml of con- 
centrated ammonia, and 4 ml of Rater -was heated in a small tliree-neck 
flask, Rhich was fitted thiougli giound glass joints to a pressure-equalized 
dropping funnel, a Liebig condenser, and a thermometei Aftei the salt 
had dissohed, 1 014 gm of caibo-tjl-labeled chloioacetic acid m 3 ml of 
vrater r ere added di opR ise tin ough the dropping funnel at such a rate that 
the tempeiatuie of the solution did not use above 60° Ihe mixture Ras 
held at 60° foi 6 houis and Ras then alloRed to stand foi 12 houis at lOom 
temperature The solution Ras -then concentrated until its tempeiature 
reached 112° The distillate shoRed only very slight radioactivity The 
j elloR ish solution r as cooled to 70°, and 15 ml of absolute methanol R ere 
added sIor ly Ruth agitation The muxtuie r as cooled m a refrigerator foi 
1 hour The precipitate r as hltered and r ashed Ruth methanol and ether 
(8,9) 

The yield of pure Rhite crystals, R'hich shoRed no tiace of chloiide ion, 
Ras 0 54 gm or 70 pei cent (m p 225°, Rith decomposition) C 32 02, H 
6 78, calculated, C 32 02, H 6 78 Upon concentration, the mother liquoi 
gave 0 08 gm of glycine R Inch inci eased the yield to 0 62 gm oi 79 per cent, 
based on chloroacetic acid 

The chloroacetic acid used had a total activity of 299 microcuiies The 
glycine had a specific activ ity of 6 3 X 10^ counts pei minute per mg and a 
total activity of 229 microcui les Fi om distillates and mother liquoi s, 50 4 
microcuries R ere recovered 

SUMMARY 

Carboxyl-labeled chloroacetic acid Rras prepared from sodium acetate 
labeled in the carboxyl position Rith C'^ Carboxyl-labeled glycme Rith 
a specific activity of 6 3 X 10^ counts pei minute per mg r as prepared in 
turn from the chloroacetic acid The over-all jueld of glycme Ras 42 pei 
cent, based on sodium acetate 

The author R^ishes to thank Piofessor M Calvin foi his advice in this 
Rmrk 
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THE INHIBITION OF PYRUVIC OXIDASE BY 
PROTOANEMONIN'= 

Br HABOLD BAER 

{From (he Deparlmenl of Bacteriology, College of Physicians and Surgeons, 
Columbia University, New York) 

(Received for publication, December 3, 1947) 

During the study of the biological action of protoanemomn (1, 2) it 
was found that this substance could inhibit the enzymatic oxidation of 
pyruvic acid Proteus vulgans or the cell-free pyruvic oxidase prepared 
from it (3) was used to carry out the oxidation of the pyruvic acid 
The addition of a solution of protoanemonm to a washed suspension of 
Proleus vulgans, wnth pyruvic acid as the substrate, resulted m a marked 
reduction m oxygen uptake Protoanemonm did not inhibit the action 
of the cell-free p 3 TTiinc oxidase under the same conditions In searchmg 
for the cause of this discrepancy a further study was made of the pyruvic 
oxidase, since it presented a simpler system than the mtact organism 
Pyruvic oxidase consists of a protem, diphosphothiamine as coenzyme, 
and a bivalent metal such as magnesium, the naturally occumng metal, or 
manganese The coenzyme is easily removed from the enzyme by pre- 
cipitation with acetic acid at pH 4 3, leavmg the protem metal complex 
(3) There is, however, difficulty in completely separatmg the protem 
from its metal The protem preparations used m these experiments almost 
certainly contamed some of the metal, smce the addition of diphospho- 
thiamme to the protem preparations yuelded solutions with some enzymatic 
activity Addition of manganese sulfate solution, however, resulted m an 
mcrease m activity 

Incubation of the protem moiety with protoanemomn for about | hour 
prior to the addition of the remainder of the enzyme system inhibited the 
enzyme so that it wns only capable of 20 per cent or less of its normal oxygen 
consumption Treatment of the protem with diphosphothiamme or diphos- 
phothiamme and manganese before the addition of the protoanemomn 
resulted m an active enzjme system Manganese sulfate alone could not 
protect the protem from the partially mactivatmg action of protoanemonm 
In order to gam further information about this reaction the effect of 
other inhibitors was studied If lodoacetic acid or p-chloromercuribenzoic 
acid was allowed to mteract with the protem, it was no longer capable of 
functiomng as part of the pyruvic oxidase system However, the above 

* Conducted witb the aid of grants from the John and Mary R MarMe Foundation 
and The Sqmbb Institute for Medical Research 
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INHIBITION BY PROTOANEMONIN 


substances failed to inhibit the action of the piotem-coenzyine complex 
Sodium tetiathionate also destioyed the piotein, but the coenzyme gaic 
onl}’" partial protection fioni the action of this reagent Sodium fluoiide 
failed to inhibit the enzyme undei any ciicumstances, in confirmation of 
Stumpf’s findings 

TVTiile the cell-free enzyme oxidizes pyruvate to acetate, the intact cells 
oxidize acetate as well as pyruvate The oxidation of acetate by the intact 
cells proceeds at a slowei late than the oxidation of pymvate It is of 
interest that acetate oxidation is also inhibited by piotoanemomn (Table 

I) 


Table I 

Effect of Protoancmomn on Oxidation of Pyruvate and Acetate by Proteus vulgaris 


Reagent 

Owgen uptake oi 
control 

Otygen uptake after 
reagent 

Pyrmate substrate, 
0 2m 


c mm per 20 mtn 

c mm per 20 mti 

Diphosphothiamme* manganese* 

48 

45 

“ -f “ + protoane- 

45 

19 

monin, 0 003 m 

Protoancmomn, 0 003 m 

48 

13 

“ 0 017 “ 

36 

9 

! 


Acetate substrate, 

0 2 M 

“ 0 017 “ 

24 

0 


* Diphosphothiammc = 0 5 ml of 0 1 per cent diphosphothiammo, manganese = 
0 3 ml of 0 1 per cent manganese sulfate 


DISCUSSION 

There aie indications that unsaturated lactones, such as piotoanemomn, 
can leact with sulfh 3 ’'diyl gioups (4), and lodoacetic acid, p-chloromeicun- 
bcnzoic acid, and sodium tetiathionate (5, 6) aie thought to leact almost 
cxclusu cly M ith this tj^ie of protein giouping It appeals, theiefoie, that 
this pjiimc oxidase possesses essential siilfhydijd gioups, this is in accoicl 
with B'lrion’b obsenation on a pyiuvic oxidase obtained fiom anothci 
souice (7) Fuitheimoie, this view’^ is sipiported by the ability of BAL to 
icx erso the inhibition by these agents 
If the sulfhydijl gioups aie involved m the above reactions then the 
metal is probably not linked to the piotem thiough the sulfhydiyl gioups, 
for the protein piepuations used contained some metal and even the addi- 
tion of an excess of manganese sulfate solution failed to afford protection 
Ilowcxcr, diphosphothiammc does piotect the enzyme and consequently 
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may be bound directly to the protein SH gioups, possibly as a thiophos- 
phonc ester Tins is further supported b\ the fact that thiamine cannot 
function as the coenzjiiic, onlj the pj rophosphonc acid dematne being 
active It IS hnow-n that the diphosphothiamme is more easily removed 
from the enzj-me than the metal ion, m fact, the metal is difficult to lemoi e 
(3) Therefore, it is proposed that the coenziune and the metal are each 
attached to the protein, but through different hnkages 
It IS recogmzed that the i alue of studies utilizing inhibitors is strongly 
dependent on the specificity of the mhibitor, and on this basis the useful- 
ness of some sulfhydol reagents has been questioned (8) Nevertheless, 
it IS felt that the v anetj' of reagents employed m these experiments, all 


Table II 

Effect of Inhibitors on Pyruvic Oxidase Protein 


Peagcnt 

1 OxjEcn uptate of 

1 control 

1 

Ox>f:en uptake after 
addition of reagent 

Protoanemomn, 0 003 M 

c rrm per JO rrtrt 

22 

c mm per JO mtn 

4 

“ 0 0013 m 

22 

9 

lodoacetate, 0 003 m 

29 

24 

“ 0 017 “ 

29 

15 

p Chloromerounbenzoate, 0 0003 M ‘ 

36 

0 

Tetrathionate, 0 1m 

23 

2 

Fluoride, 0 3 ir 

9 

10 


pointing m the same direction, mdicate the hkehhood of the above mter- 
pretation 


EX.PEnrME^TAn 

The Proteus vulgans was grown on tryptose phosphate agar (Difco) 
m Roux bottles and n ashed off with 0 4 per cent sahne after about 16 hours 
of mcubation at 37° For experiments with mtact cells the organisms were 
■cashed three tunes uith m 'IS phosphate buffer and aerated for 1 hour 
Pyruvnc oxidase n as prepared by growmg the organisms as descnbed abov e 
and then following the procedure of Stumpf (3) Different enzjnne prepa- 
rations vaned m their rate of ox-j gen consumption, but otherwise no dif- 
ferences were obsenmd ^ 

To determine the inbibitor>" effect of the vanous substances, the protem 
portion of the pyruvic oxidase in phosphate buffer at pH 6 2 (or 7 2 for 
those expenments m which p-chloromercunbenzoate was used) was in- 
cubated with the inhibitor (Table II) for § hour at 37° 0 1 ml of 0 1 

* One enzyme preparation seemed to require phospliate, but all other preparations 
functioned mthout its presence However, the results of inhibition experiments 
■core the same with the phosphate requiring preparation as iiith the others 
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per cent diphosphothiamme and 0 1 ml of 0 1 per cent manganese sulfate 
solution weie then added, the I'olume m the cups bemg 2 5 ml , the sub- 
sti ate was 0 5 ml of 0 2 m sodium oi lithium py ruvate Oxygen uptake w as 
measured in the Barci oft- Warburg appaiatus Separate cups piepared 

Table III 


Effect of Inhibitors on Whole Pyruvic Oxidase Enzyme 


Reagent 

0\-> gen uptake of 
control 

Oxjgen uptake aflet 
addition of reagent 


c vim per 10 vttn 

c mm per 10 min 

Protoanemonm, 0 003 M 

22 

22 

p-Chloromcrcunbenzoate, 0 0003 m I 

1 36 

2S 

lodoacetate, 0 017 m 

28 

2S 

Tetrathionate, 0 1 “ 

23 

8 


Table IV 

Attempted Protection from Inhibition of Pyruvic Oxidase Protein 


1 

Inhibitor 

i 

Protecting agent 

j 

OT)gen up- 
take of 
control 

Osjgen up- 
take after 
inhibitor 

p-Chloromercunbenzoate, 0 0003 m 

Manganese sulfate 

c tnm per 10 \ 
min 

36 

emm per 10 
run 

0 

“ 0 0003 “ 

Dipbospbothiammo 

36 

' 27 

Protoanemonm, 0 002 ir 

Manganese sulfate 

30 

13 

“ 0 002 “ 1 

Diphosphothiamme 

30 

30 


Table V 

Reversal by BAL of Pyruvic Oxidase Piolcin Inhibition 


Inhibitor added to protein 

Oejgen uptake 
of control 

Oajgcn uptake 
after inhibitor 

Oe>gcn uptake 
after inhibitor 
and BAL 


c mm per 

20 min 

c mm per 

20 vtin 

e mm per 

20 mm 

Protoanemonm, 0 003 tt 

91 

0 


Tctralhion itc, 0 1 

91 

5 


7r-Chloroincrcuribcn7oatc, 0 0003 it 

14 

0 

mm 


in an identical maiinei but with bulTei substituted for the inhibitoi weic 
used as contiols The data in Table III weie obtained by incubating the 
complete eiwjTiic with the inhibitor foi 1 hour and then measuiing the 
o\}gen uptake 

Protection of the protein was measured by incubating the protein in 
buffer w ith the protecting agent (Table IV) for 15 minutes at 37° After 
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adding the inhibitor and mcubating for another ~ hour the remainder of 
the enzj-me components Mas added and the oxjgen uptake measured 
Agam, separate cups sensed as controls 
The effect of BAL was detennmcd by incubatmg the pyruvic oxidase 
protem with the inhibitor at 37° for 30 nimutes, then adding 0 3 ml of an 
0 3 m solution of BAL, mcubatmg for another 30 minutes and, finally, 
adding the remamder of the enzyme components (Table V) 

Pjonivic acid vas used m the form of its hthium or sodium salt, proto- 
anemomn n as stored m the form of a 1 or 0 5 per cent stock solution (2) 
and diluted vhen necessary p-Chloromercunbenzoic acid Mas obtamed 
from Dr S Dickman and solutions prepared by dissolvmg it m an eqm\ a- 
lent of sodium hydroxide solution and then diluting m watei to the final 
concentration The author is indebted to Dr David Green and to Merck 
and Company, Inc , for samples of diphosphothiamine, and to Dr A 
Gilman for BAL and sodium tetrathionate 

SUMMARY 

Protoanemomn inhibits the oxidation of pjTUVic acid by intact cells of 
Proleiis vulgans, but does not mhibit this oxidation by the cell-free enzyme 
Hom ever, if the protein portion of the enzyme is treated with this reagent, 
the enzyme is partially mactivated but the protein may be protected by the 
coenzyme if this is added prior to the inhibitor lodoacetic acid and 
p-chloromercunbenzoic acid act m an analogous fashion toward the cell-free 
enzyme, Mhile fluonde does not inhibit under any conditions Inhibition 
of the coenzyme-free protem bj' tMO of these substances Mas reversed by 
BAL 

The author wishes to express his thanks and gratitude to Dr B C Seegal 
and to Dr David Green 
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ON THE SPECIFICITY OF CHICICEN PANCREAS CONJUGASE 
(t-gluta^hc acid CARBOXYPEFTIDASE)* 

Bi AKNA IvAZEKKO A^D M LASKOWSKI 

{I rom the Department of Biochemistry, Marquette Unuersity School of 
Medicine, Mtluaul cc) 

(Recei\ ed for publication, December 12, 1947) 

The early studies on conjugase from chicken pancreas (1, 2) did not 
lead to the identification of this enzyme Subsequent progress in the elu- 
cidation of the chemical structure of pteroylglutamic acid (3) and its denv- 
atives (4, 5) left little doubt that conjugase is one of the peptidases 
Pfiffner el al (4) classified the conjugase enz^unes as carboxypeptidases 
after they shoued that the methyl ester of pteroylheptaglutamate ivas not 
attacked by conjugase, u hile the free acid u as attacked 
In the present paper the results of some expenments designed to deter- 
mine the specificity of conjugase toward several suspected substrates are 
reported 


Methods 

Conjugase was prepared by a method similar to that previously desenbed 
(2) The main difference vas m the time of autolysis Smee we were 
forced to buj’’ chicken pancreas from a distant location,' samples as received 
m this laboratory vaned considerably m both ongmal activity and resist- 
ance to autolysis Only occasional samples were comparable in potency 
to fresh pancreas preparations Since the autolysis of the majonty of 
samples led to a defimte decrease in activity, the optimal time of autolysis 
for each shipment v as determined This time, varymg from 0 to 24 hours, 
was then used for the larger scale preparations The decreased or, most 
commonly, the omitted time of autolysis resulted in a less complete ex- 
traction of conjugase and the retention of a larger amount of inert protem 
The activity of most of the matenal thus prepared was between 20,000 
and 100,000 umts per mg , as determmed by microbiological assay These 
values are comparable to those obtained in the second stage of the prepara- 
tions previously desenbed (2) It was found that conjugase did not lose 
activity after several months when, after being frozen, it was stored at 
-18° 

The substrates to be investigated were dissolved or suspended m 0 2 m 

* Aided bj grants from the John and Marj R Markle Foundation and the Donner 
Foundation, Inc 

' Obtained from the Chester B Franz Company, hlammoth Spring, Arkansas 
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CHICKEN PANCREAS CONJTTGASB 


borate buffer, pH 7 8, so that the resulting solution was 01 m with respect 
to the substrate Borate buffer was used in preference to veronal buffer, 
since the latter was found to inhibit conjugase. An equal volume of con 
jugase solution, contaming from 1 to 5 mg of protein per cc and made 
0 02 M with respect to calcium chlonde, was added, and the mixture was 
mcubated for varying periods of time at 32° Samples of 0 2 cc were mth- 
drawn for the titration of liberated carboxyl groups (10 nucromoles of 
substrate) , samples of 0 1 cc (equivalent to 5 micromoles of substrate) were 
used for manometnc determinations For microbiological assays, appro- 
pnate dilutions from a 0 1 cc sample were made 

Liberated carboxyl groups were titrated m 95 per cent alcohol according 
to the method of Grassmann and Heyde (6) Liberated glutamic acid was 
determined manometncally, ivith either bactenal decarboxylase* (7) or 
squash decarboxylase® (8) None of the peptides mvestigated was attacked 
by the bactenal decarboxylase A large majonty of the squash prepara- 
tions also did not attack these substrates Onl}'' two exceptions were 
noted, squash decarboxylase slowly decarboxylated n-glutamyl-L-glutamic 
acid and carbobenzo\y-L-phenylalanyl-L-glutamic acid Apparently these 
two preparations of squash decarboxjdase still contained an enzyme ca- 
pable of hydrolyzmg the termmal glutamic acid 

EXPERIMENTAL 

Conjugase, prepared as descnbed above, was found to be free of any 
enzymes attacking glutamic acid Incubation of varied amounts of glu- 
tamic acid (1 to 7 micromoles) with conjugase for periods ranging from 2 
to 24 hours resulted m the subsequent recovery of glutamic acid within 
the limits of ex^penmental error 

Wlien the substrates^ a-L-glutamyl-L-glutamic acid, carbobenzoxy-a-n- 
glutamyl-L-glutamic acid, carbobenzoxy-L-phenylalanyl-n-glutamic acid, 
carbobenzo\yglycyl-L-glutamic acid, and glutatlnone were mcubated over- 
night with conjugase, no liberation of glutamic acid could be detected 
either by the titration method or by manometnc means with decarboxylase 

Hydrolysis of glutamic acid was demonstrated with the substrates, p- 
ammobenzoyl-Y-glutamyl-Y-glutamylglutamic acid, synthetic pteroyltnglu- 
taraate, and a natural fermentation factor® (Table I) 

From the results presented m Table I, it was concluded that conjugas^ 

’ Obtained tlirough the courtes 3 '’ of Dr I C Gunsalus 

* One sample «as obtained through the courtesy of Dr 0 Schalcs During the 
earlj spring the squashes a\ ailable in Milwaukee were inactive We had no difficulty 
in reproducing Dr Schalcs’ preparation using fresh squash later in the season 

* Obtained through the courtesj of Dr J S Fruton 

‘ All three substrates were obtained through the courtesy of Dr E L R Stokstad 



A KAZENKO AND M DASKOV7SKI 


219 


hydrolyzes the terminal glutamic acid, having both carboxyl groups free 
and linked through its ammo group to the 7 -carboxyl group of the pre- 
ceding glutamic acid 


Table I 


Substrates Attacled by Conjugase 


Substrate 

Tunc 

Glutamic 

acid 

recovered 

-COOH 

groups 

liDcrated 

Slreptocouus 
fcecalts R, 
active 
material 


hrs 

equtvaUnt 

equttaJent 

equivalent 

1 p-Aminobenzoyl-7-glutamyl-7-glu- 

19 

0 75 



tamylglutamic acid 


1 



2 “ “ 

1 

0 45 


i 


2 

0 71 




4 

0 71 




6 

0 75 



3 “ “ 

4 

0 40 

0 53 



19 

0 49 

0 63 



42 


1 00 


Synthetic pteroj Itnglutamate 

19 

0 68 


0 60 

Natural fermentation factor 

19 

0 50 


0 65 


Table II 

Effect of Increased Amounts of Conjugase on Liberation of Glutamic Acid from 
p-Aminobenzoyl-y-glutamyl-y-glulamylglulamic Acid 


All the values are in microliters of carbon dioxide liberated and are corrected for 
a blank containing the same amount of substrate as the experimental tube and 
conjugase inactivated by heat 



Experiment 1 

Experiment 2 

Experunent 3 

1 5 micromoles tnglutamate, 100 7 conjugase, in- 
cubated 2 hrs , followed by 3 additions of 100 

7 conjugase every 2 hrs 

103 

112 

79 

2 Substrate and conjugase as in No 1, ineubated 

2 hrs , followed by 3 additions of 0 1 cc 0 01 m 
calcium chloride ' 

94 

111 

61 

3 Substrate and conjugase as in No 1, no further 
additions of either conjugase or 0 01 m cal- 
cium chloride 

76 


58 


It IS of interest to point out that vnth substrates producmg the micro- 
biologically active substance the relationship of the hberated fobc acid and 
glutamic acid was closer to 1 1 than 1 2 Findmgs of Hutchmgs el al (5) 
that on an equimolecular basis pteroyldiglutamate is just as active micro- 
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biologically as the monoglutamate explain our results It seems quite 
possible that under the ordinary conditions, m which determmations of 
fohc acid i^eie carried out with the aid of clucken panel eas conjugase, the 
substance actually deteimined miciobiologically has been the diglutamate 
lather than the monoglutamate 

In none of the expenmen ts leported in Table I was glutamic acid hb- 
erated m amounts greater than 1 equivalent This could not have been 
due to an msufficient amount of conjugase (Table II) Fuither addition of 
enzjone produced a slight mcrease in liberated glutamic acid m Bxpenments 
1 and 3, m which the reaction stopped on the level of less than 1 equivalent, 


Table III 


Inhibitory Effect of Glutamic Acid on Conjugase* 

The results represent the difference between the experimental and control tubes 
and are expressed in microliters of carbon dioxide liberated 


Experiment No 

No glutamic acid 
added 

2 S micromoles 
added 

5 micromoles 
added 

10 micromoles 
added 

1 

82 

85 

23 


2 

80 

64 



3 

105 

124 

26 


4 

no 

1 


23 


* The experiments w ere carried out as follows 0 1 cc (5 micromoles) of p-aniino 
benzoyl-7-glutamyl-y-glutamylglutamic acid was incubated with 0 1 cc (100 -y) of 
conjugase m borate buffer, pH 7 8, made 0 02 m with respect to calcium chloride, 
for a period of 20 hours Variable amounts of glutamic acid (as the sodium salt) 
were added to the conjugase solution For each experimental tube, an identical 
control tube was set up, containing conjugase inactivated by heat 

but AX as AAuthout effect m Expenment 2, vdiere the reaction i cached 10 
equixmlent 

Taao possible alternatiAms Axere thciefore consideied (1) the conjugase 
AAas unable to hydiolyze the second glutamic acid since it lequircd at least 
three glutamic acids in a peptide chain, oi (2) the leaction did not go to 
completion because it A\as inhibited by the glutamic acid foimed 

The second alternatiAm seemed moie likelj'^ The addition of glutamic 
acid to the reaction mixtiiie (Table III) shoAxed an inhibitoiy effect begin- 
ning at 5 micromoles of glutamic acid This amount corresponded to the 
liberation of 1 equivalent of glutamic acid fiom the peptide At present, 
however, no definite statement can be made as to whether the inhibitory 
effect of glutamic acid is due to the existence of a tiaic cquilibnum for tins 
reaction 
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SUMMARY 

Preparations of partiallj' punfied conjugase did not liberate the terminal 
glutamic acid linked to the oc-carho'o,l group of the precedmg ammo acid 
from any of the four peptides investigated No hydroNsis of the mitial 
glutamic acid Imked either through the a-carboKjd, e g glutamylglutamic 
acid, or through the y-carboxj 1, c p glutathione, ivas obsen^ed 

Conjugase hj drolyzed glutamic acid from p-aminobenzojd-y-glutamyl-Y- 
glutamylglutamic acid, S5Tithetic ptero3dtnglutamate, and natural fermen- 
tation factor, but more than 1 equiialent of glutamic acid uas never 
recovered This mas probably due to the inhibition of conjugase by the 
glutamic acid formed durmg the course of the reaction 
From the evidence thus far accumulated, chicken pancreas conjugase 
should be classified as y-glutamic acid carboxypeptidase, requirmg at least 
2 te rmin al glutamic acid molecules m the peptide cham Further reqmre- 
ments for specificity of conjugase uith respect to the length of the cham 
mere discussed 

The authors wish to acknou ledge the help given by Miss J M Lemley 
m startmg the microbiological assays m this laboratoiy 
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BIOCHEMICAL STUDIES ON REGENERATING LIVER 

Br ALEX B NOVIKOFF* knd VAN R POTTER 
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of Tl^’isconsin, Madison) 

(Received for publication, September 29, 1947) 

Regenerating liver of the rat has long been recognized as a source of rela- 
tively abundant quantities of homogeneous rapidly growing tissue Fol- 
lowing the removal of the tw'o largest lobes of the hver, the remaming ones, 
constitutmg about one-third of the total, enlarge to the size of the onginal 
liver m the span of a few days The work of Higgms and Anderson (1), 
Braes el al (2), and others has established that this enlargement is due to 
true hyperplastic growth 

It therefore seemed to us an especially favorable tissue in which to test, 
by chemical analysis, the current view that nucleic acids are mtimately 
related to growth It should be noted that, although there is considerable 
mdirect evidence to support this view', there is surprismgly httle direct 
chemical data to deihonstrate this relation Caspersson and his colleagues 
(3-5) have showm an mcreased absorption of ultraviolet light, at 260 m;u, 
m the cytoplasm of actively growing cells Stowell (6), using photometnc 
histochemical methods, demonstrated a higher nucleic acid content m neo- 
plastic tissue than m the homologous normal tissue Brachet (7) has com- 
bined cytochemical techniques with the chemical estimation of furfural to 
reveal an increasmg pentosenucleic acid (PNA) concentration durmg em- 
bryonic growth Davidson and Waymouth (8) have estimated the PNA 
and desoKypentosenucleic acid (DNA) content of embryonic and adult 
tissues, and have found the concentration of both nucleic acids higher m 
embryonic than m adult tissues Schneider and Klug (9) assayed rapidly 
growing tumors chemically and found them to have a high nucleic acid 
content 

In this paper we shall present results which demonstrate a nse m PNA 
content of the hver when it is rapidly growmg We shall also present analy- 
ses, performed on the same tissue, for other substances which Tnay be related 
to growth, lactic acid, glycogen, adenosme tnphosphate, adenosine diphos- 
phate, adenylic acid, and pentose phosphate, and for four oxidative enzyme 
systems, succinoxidase, malic dehydrogenase, cytochrome reductase, and 
oxalacetic oxidase 

* Fellow la Cancer Research of the American Cancer Society, sponsored by the 
Committee on Growth of the National Research Council Present address, Biology 
Department, Brooklyn College, Brooklyn, New York 
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EXPERIMENTAL 

Tlie Sprague-Daivlej'- albino rats used m these experiments langed m 
weight from 108 to 205 gm Paitial hepatectomy vas performed by the 
method of Higgins and Anderson (1) The animals were kept on their 
customary dog chow and mixed grain diet before and after surgeiy 

In the first series of expenments, the liver lobes removed at pai tial hepat- 
ectomy were frozen in liquid air, weighed, and stoied at —20° The ani- 
mals from which they were removed weie kept for peiiods ranging fiom 13 
hours to 23 days They weie then anesthetized lightly AVith nembutal 
Their liveis weie lemoved, frozen at once in liquid an, and stored at —20° 
Both the animal and the liver removed were weighed at the time of partial 
hepatectomy and again when the animal was killed Both the oiigiiial and 
legenerated hveis of the thiity-eight animals in this series were analyzed 

The frozen tissue was powdeied, homogenized, and exti acted with cold 
tnchloioacetic acid by the method of LePage and Umbreit (10) An 
aliquot of the powdei was used to deteimine the watei content of the sam- 
ples The acid extiact was discaided and the tissue residue analyzed foi 
PNA and DNA bj’’ the method of Schneidei (9, a) 

The analyses for nucleotides, pentose phosphate, lactic acid, and glyco- 
gen w^ere made by the method of LePage and Umbreit (10) on selected 
samples of legenerated livers They could not be done piofitably on the 
original livers, since the ether anesthesia necessaiy foi the surgical pi ocedure 
IS likely to altei the adenosine triphosphate-adenyhc acid balance and the 
lactic acid levels of the cells ^ For controls, therefore, the lixeis weie re- 
moved fiom twE animals in the same fashion as the regeneiated livers The 
livers w eie pooled, fiozen, and analyzed in the same way as the legeneratcd 
Ineis 

In the second senes of expenments, eight animals were used Foui neie 
kept foi 48 houis after paitial hepatectomy, two for 24 houis, and tno for 
1 5 hours The original hveis and legenerated liveis were tested foi enz 3 'rae 
actn ity within a short time aftei lemoval from the animals The enzyme 
actnities veic determined manometncallj’- by the method of Schncidci 
and Pottei (11) foi succiiioxidase, of Potter (12) foi malic dehydiogenase 
and cjtochiomc icductase,* and of PotteU foi oxalacetic oxidase 

Results 

Pcntoscnudcic Acid — Fig 1 indicates the quantity of PNA, expiesscd in 
mg pel gm of di}' tissue, foi the oiiginal hveis and legenerated Iners, 

> LoPij^e, G A , unpublished 

- W c u ish to thank I\rr Morns Rhian for the purified malic dchj drogonasc prepara- 
tion and Dr G A LePage for the diphosphopj ridinc nucleotide u Inch u ere used in 

these assaj 

* Potter, V II , to be published 
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plotted against days after partial hepatectomy It can be seen that dunng 
the 1st day and after the 4th day there is no segregation of solid and open 
circles But betiieen the 1st and 4th daj's they are clearly separated, mth 
the concentration of PNA m the regenerated hver considerably higher than 
that of the ongmal livers The highest concentration was 44 mg per gm , 
or 4 4 per cent of the dry weight of the tissue 



12 3 4 5 6 7 8 9 10 II 12 13 14 15 19 23 
DAYS AFTER PARTIAL HEPATECTOMY 


Fig 1 Pentosenucleic acid (PNA) concentration of original (•) and regenerated 
(O) livers, from J day to 23 days after partial hepatectomy 

For each animal, the percentage change m PNA concentration in the 
regenerated hver as compared with the ongmal hver was calculated The 
lower curve of Fig 2 shows the data obtained, plotted agamst time It is 
evident that the rate of mcrease is greatest between and 3 days after 
partial hepatectomy The curve has leveled off almost completely between 
4 and 5 days The greatest percentage mcrease was 62 per cent, obtamed 
in tvo animals, one 36 houis and the other 62 hours after partial hepatec- 
tomy 

Fig 2 also shovs the percentage change m the weight of regenerated hver 
when compared with the weight of the liver left m the animal at partial 
hepatectomy The relation, total hver weight = 1 46 X weight of lobes 
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removed at partial hepatectomy, seems fairly well established (2, 13), and 
was the basis for oui calculations Changes in liver weight were corrected 
for changes m total bod}'- weight It is clear that hvei growth, as measured 
b}’- the organ's weight, is most rapid between If and 3 days 

Thus, there is a coi relation between the time of most lapid grovdh of the 
hA'^er and the time of increase in the concentiation of PNA 



Fifi 2 Percentage change in PNA concentration and in w eight, in the regenerated 
Iner as compared with the original liver 

Dcwxypcnloscmicleic Acid — Although theie weie decided changes m 
DNA concentiation folloiving paitial hepatectomy, no coiielation can 
lie made between the latc of legeneration and the DNA concentration 
Fiom Table I it can be seen that both inci eases and decreases ivere ob- 
seiAcd, dining, befoie, and aftei the P to 3' day period ivhen giowdli was 
lapid 

Niiclcolidcs, Pentose Phosphate^ Lactic Acid, and Glycogen Analyses — The 
s implcs of legcnciated In ei s w ei c chosen foi these analyses so as to include 
uiimals m which grow th had notj'et begun, those in w’hich it Avas occurring 
lapidh, and those in Ailiich it aaus essentially complete In all thirteen 



A B NO^^KOFF AND V R POTTER 


227 


animals were studied, three between Ho 1 day after partial hepatectomy, 
before groriiih had begun and with no significant increase in PNA concen- 
tration, seven animals between 1| and 4 days nhen gronth nas rapid and 
mth increases in PNA concentration ranging from 26 to 62 per cent, 

< Table I 

Changes in Desoxypentosenudetc Actd tn Regenerated Liver 


Noof»unaU 



Per cent change m DXA 


-10, -15, -4, -2 

+37, +30, -21, -24, +2, -2, +15. +7, - 16 , +4, 
+108, +27, +2, +12, +23, +28, +10, +10 
+15, -30, +29, - 4 , +10, -2, +21, + 45 , +9, +7, 
+29, - 14 , +6, +19, -3, +34 



niiniaiinnrainiiiiiii 




PENTOSE Sqi 1 

wsPHATE^ 0 r itiz::!:-:.! 

0 1 2 3 4 5 1119 

DAYS AFTER RWTIAL HEPATECTOMY 

Fig 3 Analyses of selected samples of regenerated hver for adenosine triphos- 
phate (ATP), adenosine diphosphate (ADP), adenylic acid (AAIP), glycogen, lactic 
acid, and free pentose phosphate 

and three ammals between 5 and 19 days, after growth had slowed and 
with no significant mcrease in PNA concentration 
Pig 3 gives the results of these analyses All quantities are mdicated 
m micromoles per 100 gm of vet tissue The first column shovs the an- 
alyses of the pooled control livers Narrover columns are used vhen two 
ammals of the same postoperative age were analyzed 
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The most sigmficant features of these data are (1) the uniform lactic acid 
levels, whether the livers were rapidly growing or not, fiom 200 to 300 mi- 
cromoles pel cent, and (2) the absence of any significant diffeiences between 
the rapidly growung and relatively non-giownng livers in the total nucleo- 
tide concentiation as w^ell as the balance among adenosine tnpliospliate, 
adenosine diphosphate, and adenylic acid 

The variation in concentration of free pentose phosphate is similai to 
what one finds among control animals (14) The same is true of glycogen, 
with the exception of the animals lolled a half day after partial hepatec- 
tomy These hveis contained veiy little glycogen, none at all of the ex- 
tractable form and almost none of the non-exti actable form 
Enzyme Systems — To ascertain xvhethei the frozen liveis, samples of 
which had been used for the chemical analyses, could be piofitably used foi 


Table II 

Effect of Freezing on Enzyme Activities 



Ooj, fresh 
liver 

Qq , frozen 
liver 

Decrease 

Succmoxidaso 

75 3 

37 8 

per cent 

50 

Malic dehydrogenase 

103 6 

86 0 

17 

C 3 tochrome reductase 

126 3 

82 4 

35 

Pentosenucleic acid 

DcsoNj'pontosonucleic acid 

mz per 100 

824 

245 

tnz per 100 gm 

825 

247 

1 



these enzyme studies, an experiment was peifoimed on the effect of freezing 
the hvei in liquid an and thaxving it, befoie pieparing the homogenate 
The lesults are given in Table II The nucleic acid assay of the homoge- 
nates pi epai cd fi om the fresh and fi ozen liver is included, foi it serx es as a 
check on the equality of tissue concentiation in the txvo homogenates The 
succinoxidase activity is i educed by 50 pei cent, and the cytochiomo icduc- 
tasc b}^ 35 pci cent The i eduction noted in malic dehydrogenase activity 
ina} be simply the lesiilt of lowering the cjtochiome leductase actixitj’' to 
the point wheic it no longer is piesent in excess, as it needs to be wdien 
i^^s IX mg foi malic dehx drogenase (12) This is indicated bj’' the essentially 
equal Qo. x allies foi the actixuties of both onz 3 me s 3 ’’stems Similaily, m 
all but one of the nine pairs of fiozen oiigmal and regeneiated lix eis assa 3 ''cd, 
the actix ities of both enz 3 ’'mes xxeie reduced and equal For some reason, 
the cellular structure of this one lixmi resisted alteration by freezing and 
thawing, wath the lesiilt that the C3’’tochrome leductase actmt3^ was not 
leduccd Ilcie the malic deIn drogenase showed its full noimal actix it 3 
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T-ibie m 

Lnzymc ■ichrity of Regenerated Liter 


Time of regenemtion 



J5 hrs 

15 hrs 

23 bra 

23 hrs 

1 -fShrs j 

1 4Shrs ; 

•*8 brs 

48 hrs 

H 0 content, % 

(a) 71 2 

72 5 

1 70 9 

j 72 6 

HI 


72 9 

71 9 


(6) 6S S 

74 8 

1 71 7 

1 73 5 j 

B 

75 8 

72 0 

72 5 

Vis mg pergm 

(a) 2 96 

2 87. 

2 53 


2 89 

3 5s; 

3 63 

3 49 

dry tissue 

(b) 2 37 

! 

[ 3 14 


1 4 33 

4 40' 

3 89 

4 02 

Change from 

-20 

— A 

|J-24 

i+42 

i-i-50 

+19 ! 

-2-7 

+13 

original, % 





i 

1 

1 



DNA, mg per 

i (a) 1 01 

■i 

IS 

■11 

0 S3 

1 07 

1 13 

na 

gm dry tissue 

(b) 0 73 

■1 

wm 

■i 

0 74 

0 Si 

0 77 

B 

Change from 

-26 

-12 

-8 

-13 

-11 

-22 

-32 

-23 

original, % 




1 


1 



Qot succmoxidase 


71 8 

83 8 

81 0 

78 4 

86 0 

64 7 

B 


mm 

49 8 1 

1 

64 2 1 

64 5 j 

66 4 

76 6 

61 1 

m 

Change from 

-31 

1 

1-31 

-23 f 

-20 ' 

—15 

-11 ' 

1 

-6 

-6 

original, % 


1 1 

j 






Qo malic deh>- 

(a) 103 4 

103 6 

85 6 

97 0 

97 7 

95 1 

79 7 

84 7 

drogenase 

(6) 63 6 

72 4 

65 0 

76 9 

72 5 

68 2 

50 5 

58 1 

Change from 

-39 

-30 

-24 

-21 

-26 

-28 

-37 

-31 

original, % 



1 

1 





Qot cj-tochrome 

(o) 132 5 

137 1 

112 4 i 

111 3 

97 2 

102 1 

97 6 

95 4 

reductase 

(b) 76 1 

85 0 

SO 9 j 

81 5 

75 3 

80 3 

53 1 

61 4 

Change from 

-43 

t-38 

i 

-28 

-27 

-23 

-21 

-46 

i-36 

original, % 


j 





i 

1 

i 

Qot oxalacetic 


■1 

m 

15 0 

18 6 

20 4 

1 

: 18 5 

19 9 

oxidase 


D 

HI 

10 9 

17 0 

17 6 

15 1 

1 IS 8 

Change from 


B 

J 

! -6 

-27 

-9 



-6 

ongmal, % 


Hi 

t 





i 


(a) onginal, (ft) regenerated 


Potter^ has observed that freezing reduces the actmty of the oxalacetic 
oxidase system effectn ely to zero 

No differences were found between the enzyme activities of the ongmal 
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and regeneiated livers in the senes of frozen hveis, except for the succinoxi- 
dase activities in two animals In both, the animals had been sacnficed 
before growth of the livei had begun and before the PNA concentration had 
inci eased One showed a fall in succinoxidase Qo. bom 22 4 in the onginal 
liver to 3 4 in the 13 houi i egenerated hvei In the other, the 24 hour 
regenerated hvei showed a fall in succinoxidase Q 02 fi’om 28 1 to 66 
Whether any significance was to be attached to this decrease could be de- 
tei mined only by assays of fiesh tissue 

In the second series of expenments, the liveis, original and legeneiated, 
were diopped into ice-cold isotonic KCb as soon as they weie lemoved from 
the animals, and shoitly thereaftei homogenized Two homogenates of 
each hvei were prepared, one with isotonic KCl'’ foi the oxalacetic oxidase 
assay, the other with distilled watei foi the assays of the other three en- 
zymes Samples of the hveis weie also taken foi determination of water 
content 

Table III gives the results, together Avith those of the nucleic acid deter- 
minations 

In these animals, liver regeneration, as estimated by the weight of tlie 
regeneiated organ, was more rapid than in the animals of the fiist series 
This ma 3 ’’ account foi the somewhat larger PNA increases observed in the 
24 hour legeneiated livers It may also explain the low PNA increases 
found in two of the four 48 hour regenerated hveis, in these twoanimals, the 
rate of regeneration may ahead 3 '- have fallen off In these ammals, too, 
the concentrations of nucleic acid in the original livers were higher than 
most of those in the fiist series of animals 

The activities of all four enzyme S 3 '-&tems weie lower in the regenerated 
liver than in the original hveis This was tioie even in the 15 hour livers 
w'hich did not yet show PNA increases There was some indication that 
the activities may be lower at this time than latei, when regeneration is 
very rapid Tins is also suggested by the low succinoxidase activities of 
the tno fiozen legeneiated hveis which we described earliei The indica- 
tion of a letuin to normal values foi succinoxidase Qo-, seen by the values 
in the 48 hoiii legeneiated hveis, is supported by unpublished observations 
made eailici by one of us (V R P ) in which leductions m succinoxidase 
Q 02 at 24 hoiiis veie followed b 3 ’’ a leturn to normal values at 3 and 4 days 

DISCUSSION 

Oui stud}' diffeis from those of otlier investigators in that ive have com- 
p'ued the legeneiated In ei with the control hvei of the same animal Tins 
pi oc cdui e pi o^ ides us w ith onb’’ tw o points on the time curve for the process 

Tlic KCl was made slightlj alkaline (pH 7 7 to 8 1) by the addition of 8 cc of 
0 CW M KIICOj per liter 
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of liver restoration m the individual, and it is only by examining the data as 
a whole that the correlation between the period of rapid groivth and the 
increase'in PNA concentration is apparent Furthermore the composite 
data indicate a lag phase m the growth as w'eU as in the PNA increase 
Thus the mdmdual vanations encounteied may well be the result of a 
vanable lag phase m the individual rats, wuth the maximum rate of regenera- 
tion occumng at different points on the time curve Thus by determining 
the per cent increase in PNA by analyzing both the original and regenerated 
liver we may have an index of the rate of growth for the individual at the 
time the animal was killed 

On the other hand, the data indicate that the rapid growth of livei , fol- 
lowing partial hepatectomy, does not involve an appreciable change m the 
levels of lactic acid, adenosine triphosphate, adenosine diphosphate, ad- 
enyhc acid, and free pentose phosphate However, important biochemical 
changes take place in the h\ er cells befoie active growth begins and before 
the PNA content nses The activities of all four of the oxidative enzyme 
systems we have studied drop markedly, at least when measured in intro 
It IS at present not possible to say whether these enzjmatic changes are 
related to the morphological changes which occur in the liver cells at this 
time, such as the deposition of fat droplets in the cytoplasm ® 

In contrast to the findings with PNA, the DNA changes were not corre- 
lated with the rateof growth , nor have we attempted to correlate the differ- 
ences in different animals with the histological and cytological picture of 
the particular liver samples 

Our data, while establishmg that the PNA concentiation does increase 
dunng growdh of the liver, fail to throw much light on the mechanism hnk- 
mg the two The increase in PNA concentration can account, at least in 
part, for the marked increase m P’* uptake which Brues et al (15, 16) ob- 
served in the nbonucleic acid fraction of regenerating li\er It can also 
explain the increased ultraviolet absorption at 260 mu, observed by Stowell 
(17) in the cytoplasm of regenerating liver cells Our obseiwations that the 
nucleotide concentration does not nse dunng regeneration indicates that 
this increased absorption is, in fact, due to nucleic acid Finally, the in- 
creased PNA content dunng liver regeneration accounts for the increased 
staining with p 3 n-onin noted by Brachet (18) 

Davidson and Waymouth (19) reported that the PNA was not sigmfi- 
cantly increased in samples of regenerating liver, while the acid-soluble 
nucleotides showed increases Whether the differences betw een their data 
and ours are due to differences in analytic method (see Schneider (20)) or 

‘ Large numbers of fat droplets are visible m homogenates of livers of this post- 
operative age 
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to the fact that we used samples of the ongmal hver for controls cannot be 
decided at this time 


SUMMARY 

1 During the time of most rapid giowth of legeneiating liver, the con- 
centration of pentosenucleic acid inci eases 

2 The deso\j"pentosenucleic acid content does not change in a consistent 
fashion duiing hver legeneiation 

3 No significant changes occui duiing hvei legeneration in the content 
of lactic acid, adenosine tiiphosphate, adenosine diphosphate, adenylic 
acid, and fiee pentose phosphate 

4 Follomng partial hepatectomy there is a maiked deciease in actn ities 
of succinoxidase, malic deh3'-diogenase, C3’-tochiome leductase, and oxalace- 
tic oxidase systems, as tested tn vitro 
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CHANGES IN NUCLEIC ACID CONCENTRATION DURING 
THE DEMiLOPMENT OE THE CHICK EI^IBRYO 

Bt ALEX B NOVnCOFF* \nd ^ AN R POTTER 

(From the Mcirdlc Memorial Laboratory, Mcdtcal School, Unncrsity 
of n isconstn, Madison) 

(Reccu ed for publication, September 29, 1947) 

iMany im estigators lia\ e been concerned with the changes m nucleic acid 
concentration iiluch occur during embrj'onic det elopment (see Needham 
(1) for a re^^ew of the oldei n ork and Needham (2) and Brachet (3) for 
reviews of the more recent liter iture) Hon e\ er, they ha\ e liad to rely upon 
indirect and largely inadequate means of estimating the concentrations of 
these substances, such as the pentose content, purme nitrogen relatne to 
total mtrogen, mditidual puiine and pinamidme bases, or residual phos- 
phorus following acid extraction Recently, more rehable methods of 
anah ses for the nucleic acids hat e become at ailable (4, 5) 

In this paper ne are presenting quantitatn e data for pentosenucleic acid 
(PNA) and desoxiTientosenueleic acid (DNA), from the 2nd through the 
20th day of del elopment They mil show that the concentration of these 
acids IS highest at about the 15th day, rising to this peak duiing the penod 
of most actu e protein met abolism m the embiyo They mil also show that 
dunng the penod nhen the embiy o is said to be richest in groivth-promot- 
ing substances it has the highest lea els of nucleic acids 

EXPERIMENT an 

Eggs of pure bred smgle comb nhite Leghorn hens a\ ere incubated under 
constant conditions of temperature (37-38°) and humidita for lengths of 
time vaiymg from 32 houi s to 20 daa s ^ The embi’j os u ere remoa ed from 
the yolk, dropped into ice-i old pha siological sahne, dissected free from all 
extraembrj omc tissue, touched to damp filter paper to remove most of the 
saline, and dropped into hquid air All these manipulations were made 
rapidly, in a refngerated room The embraos were stored at —20° until 
analyzed 

The frozen embiyos aaeie poaadered in a steel cj’hnder, chilled with 
hquid an, and then loosely homogenized in tnchloroacetic acid (6) They 

* Fellow m Cancer Research of the American Cancer Societa , sponsored bj the 
Committee on Growth of the National Research Council Present address, Biology 
Department, Brookljn College, Brooklvn, New York 

^ We are indebted to Professor W W Craa ens and the Poultra Department, Uni 
aersitj of Wisconsin, for generousla suppljing and incubating the mam eggs which 
these experiments required 
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were analyzed for PNA and DNA by the method of Schneider (4) The 
quantities of trichloroacetic acid used in the extractions of acid-soluble con- 
stituents and of nucleic acids were adjusted m ordei to keep the proportion 
of acid to tissue approximately the same in all cases 
Fig 1 shows the concentiations of PNA and DNA, in micrograms pei 
embryo, plotted against the days of incubation of the egg The poition of 



Fig 1 Changes in the pentoscnudeic acid (PNA) concentration, dcso\ypontosc- 
nucleic acid (DNA) concentration, and weight of the chick embryo from the 2nd to 
the 20th daj of incubation 

the cm VC foi the fiist 9 days is enlaiged in Fig 2 The PNA concentintion 
pci embrjo mci cases some 16,000 times and DNA some 30,000 from the 
end of the 1st day (32 houis) to the 20th day of incubation Not much 
signific incc can, houe\ er, be attached to these inci cases foi, as can bo seen 
fiom tlic figures, the u eight of the embryo has mcicased in loughly tlic same 
mannei 

Fig 3 shows the concentration of PNA and DNA, m mg pei 100 gm of 
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dry tissue, plotted against days of incubation The DNA Concentration 
roughly doubles betw een the 2nd and 15th days, from approximately 100 
to 200 mg per cent, and then falls sharply, so that it is back to the original 
\alue by the 20th day The PNA data for the first few days suggest a fall 
from about 350 mg per cent on the 2ad day to less than 200 mg per cent 
on the 5th day From the 5th to the 14th day, the PNA concentration 



Fig 2 Portion of Fig 1 extending from the 2nd to the 9th day of mcubation 
enlarged ' 


rises sharply, so that it approximately doubles m that time, from 200 to 
400 mg per cent It then dechnes sharply and is back to 200 mg per cent 
by the 20th day 


We performed a number of expenments to determine whether the weight 
of the inert feathers could account for the fall m nucleic acid content, per 
unit of embryo weight, after the 14th to the 15th day We rerPoved the 
skm and feathers from 12 and 14 day embryos, and the feathers alone from 
16 day embryos The values obtained for PNA and DNA were not appre- 
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ciably different fiom those obtained with feathered embryos Furtlier- 
moie, the n eight of the feathers, even on the 19th day, is not laige enough, 
in relation to total embiy o weight, to lower the DNA and PNA values ven 
much We made no attempt to evaluate the influence of othei inert strap 
tines, such as bones, which aie enlaiging rapidly at this time 

Such analj'^ses of the nhole organism must obviously obscuie importnnt 
changes nhich occur in individual oigans Yet it is probably significant 
that the period when both PNA and DNA concentrations are using is the 
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Fig 3 Changes m pcntoscnucleic acid (PNA) and desoxj'pentosenucleic acid 
(DNA) concentrations during the devcloprnent of the chick embryo Top curve, 
clianges in protein concentration, from data of Needham (1) Dry weight basis 

pciiod nhen piotem metabolism plays its important pait m the develop- 
ment of the embiy o 

Needham (1) has assembled a gicat deal of data to indicate an ontogenetic 
‘-ucccsbion of caibohydiate, pi olein, and fat as the chief souices of mateual 
bothfoi embrjmnK uichilccluieandfoi catabolic fuel In Fig 3 , top cm ve, 
we hue plotted the data Needham gives foi the piotem content of the 
embno, m mg pci cent diy vcight Its gcneial similaiity to the PNA 
cun e IS striking - YHicn the data foi caibohydrates and fats aie similarly 

“ In plotting this same data, Needham subtracted the feather proteins so that the 
protein content of the embrjo dropped off sharplj after the 11th day lion ever, if 
n c consider the cur\ c to indicate protein ntlicsis by the embrj o, there seems to bo 
no reason for excluding the feather proteins 
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plotted, they show no resemblance whatever to the nucleic acid changes, 
the carbohj drate content is high at the start and falls to a lo^^ level by the 
8th day and the fat increases slovly from the start and more quickly after 
the 15th day 

Although fat is the chief energy source for the chick embryo, Needham 
(1) shoved that carbohydrate and protein vere the energy sources of the 
early stages of de\elopment Determination of the nitrogenous waste 
products shoved a sharp nse m the protein combustion by the embryo, per 
unit V eight, per day, from the 6th to the 8th or 9th daj , and then a gradual 
fall to the loth day Thus, the 6th to the 15th day v ould appear to be the 
time when protein catabolism occurs in the embryo Needham points out 
that a given weight of embryo catabohzes si\ or sei en times as much pro- 
tein on the 8th daj^ of de\ elopment as it does on the 4th or the 16th day 

The finding that the content of nucleic acid, especially PNA, rises only 
dunng the penod of embiymnic development when protein metabolism is 
most conspiewous is m harmony with the current view that PNA is related 
to protein synthesis But it gives no information concerning the causal 
relation between the two 

Needham (1, 2) has discussed the work demonstrating that certain pe- 
nods of development are better than others for eictractmg from the chick 
embryo the growth-promotmg substances stimulating the grovdh of cells 
in tissue culture In view of suggestions that this growth-promoting ca- 
pacity of chick embryo extract may be associated with pentosenucleopro- 
teins (7-9), it is mteresting that the penod of mammal growth-promotmg 
power of the embryo cells lies between the 11th and 17th days This is the 
penod when the PNA concentration is highest, between 300 and 400 mg 
per cent 

SUMMAPT 

1 The pentosenucleic acid and desoxypentosenucleic acid contents of 
chick embrjms have been determined, from the 2nd to the 20th day of 
development 

2 The DNA concentration, when expressed m mg per cent of v et tissue, 
rises from the 2nd to the 15th day, and then falls sharply The PNA falls 
from a high le\ el on the 2nd day to a low one on the 5th, it then nses to a 
maximum on the 14th day and falls off sharply 

3 The relations of these changes in nucleic acid concentration to (1) the 
penod of protein metabolism in the embryo and (2) the optimum penod for 
extracting grov th-promotmg substances are discussed 

BIBLIOGRAPHTi 

1 Needham, J , Chemical embryologj , New York and Cambridge (1931) 

2 Needham, J , Biochemistrj and morphogenesis, Cambridge (1942) 



238 


NtrCLEIC ACID IN EMBRYO 


3 Brachet, J Embryologie chimique. Pans (1945) 

4 Schneider, W C , / Biol Chem , 161, 293 (1945) 

5 Schmidt, G , and Thannhauser, S J , / Biol Chem , 161, 83 (1945) 

6 LePage, G A , and Umbreit, W W , in Umbreit, W W , Burns, E H , and Stauffer, 

J F , Manometnc techniques and related methods for the study of tissue me 
tabolism, Minneapolis (1945) 

7 Fischer, A , Nature, 144, 113 (1939), Chemical Produets, 3, 79 (1940), Acta physiol 

Scand , 3, 54 (1941), 4, 207 (1942) 

8 Davidson, J N , and Waymouth, C , Nature, 152, 47 (1943), BioZ J , 38, 39 (1944), 

Proc Roy Soc Edinburgh, Section B, 62, 96 (1945) 

9 Tennant, R , Stern, K G , and Liebow, A A , Cancer Res , 2, 218 (1942) 



PHOSPHORYLATING GLYCOLYSIS IN THE EARLY CHICK 

EMBRYO* 

Bt ALEX B KOVIKOEF.t VAN E. POTTER, and G A LbPAGE 

(From the McArdle Memorial Laboratory, Medical School, Unnerstly 
of IVisconstn, 3{adison) 

(Received for publication, September 29, 1947) 

From an extensive senes of expenments with whole embiyos and ivith 
tissue mmee, Needham and his coworkers (1—7) concluded that in the early 
chick embryo the phosphorylation route of glycolysis, the Meyerhof-Emb- 
den eycle, is imperfectly established Because glycogen generally failed 
to be converted to lactic acid, they argued that the enz 3 Tne estenfymg 
glycogen was absent or msufficient Since they could demonstrate no 
breakdown of hexose diphosphate beyond tnose phosphate, they mamtamed 
that the “dismutase” forming phosphoglycerate and lactate from tnose 
phosphate and pyruvate was similarly lackmg or insufficient Though 
extracts of chick embryo were strongly positive vuth the glucose dehydro- 
genase and growth rate tests with Bacillus mfluensae, they gave negative 
results with the mahe dehydrogenase system The authors therefore con- 
cluded that coen 2 yme I, essential for the operation of the Meyerhof-Emb- 
den cycle, was absent from the chick embryo Their study of the phos- 
phorus compounds in tnchloroacetic acid extracts of the embryo revealed 
between 5 and 7 mg per cent of adenyl pyrophosphate phosphorus This 
quantity the authors presumably considered msufficient for the phos- 
phorylation pathway m glycolysis, smee they listed as the fourth defi- 
ciency m this pathway the lack of adenyl pyrophosphate 

In 1940, Meyerhof and Perdigon (8) succeeded m preparing extracts of 
early chick embryos which would readily glycolyze hexose diphosphate, m 
the presence of added coenzyme I The abihty of these extracts to form 
lactic acid from hexose diphosphate and pyruvate demonstrates the presence 
of the tnose phosphate dehydrogenase which Needham considered lackmg 
In view of Needham’s emphasis on the importance of cell structure for the 
presumed non-phosphorykting glycolysis mechanism but not for the phos- 
phorylatmg one, it is mteresting to note bow Meyerhof and Perdigon 
extracted the embryos To obtain actively glycolyzing extracts, they had 

* This work was supported m part b\ a grant from the Amencan Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council 

t Fellow m Cancer Research of the American Cancer Society, sponsored by the 
Committee on Growth of the National Research Council Present address, Biology 
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to freeze the embiyos twice, the first time befoie gimdmg Both sand, and 
again after adding Boater or saline to the giound tissue 

Meyerhof and Peidigon also succeeded in demonstrating the presence of 
coenayme I, using the fei mentation late of dried yeast as the method of 
assay Compaiing the CO 2 pioduction by the yeast apoenzyme aftei the 
addition of boiled natei evtiact of embi3m Both that pioduced when knoiui 
quantities of coenzyme I b eie added, thej’- calculated that the embiyo, from 
the 4th to the 9th day of development, contained about 1 5 to 3 mg per 
gm of diy tissue 

In tins paper. Be aie presenting data which stiengthen the vien’’ that 
phosphorylating glycol 3 ’'sis does occui m the early chick embryo The data 
come fiom tv'O sources (1) chemical analyses of embi 3 ’'os for the knoiin 
intei mediates m the Me 3 ’-erhof-Embden C 3 mle and for related compounds, 
and (2) the behavioi of homogenates of chick embiyo, fresh and frozen, 
toiiaids glucose, he\ose diphosphate, glucose-6-phosphate, and fructosc-6- 
phosphate, in proper^’- fortified glycolytic systems 

EXPERIMENTAL 

The eggs used in these experiments came from pure bred flocks of single 
comb Bdiite Leghorn hens, kept at the University of Wisconsin poultr}' 
farms ^ They B^eie incubated undei constant conditions of temperature 
(37-38°) and humidit 3 ’- 

Chemical Analyses — The embi 3 '’os B’-ere lemoved fiom the yolks, diopped 
into icc-cold ply'siological saline, dissected free fiom all e\tiaembi 3 ’-onic 
tissue, touched to damp filter papei to lemove most of the saline, and 
diopped into liquid an All these manipulations Bme made lapidly (m a 
minute 01 less) in a lefngeiated room The fiozen emblems B^ere stoied at 
—20° until anal 3 zed The number of emblems used was varied so that 1 5 
to 2 0 gm B"eie aA ailable foi analysis Even a single 10 day embiyo was 
too laige foi analysis, so that it Bns divided into two aliquots and each 
sepal atel 3 anab’-zed 

The methods of LePage and Umbreit (9) were used to poB'der the frozen 
cmbr3’^o&, extiact them Bilh trichloioacetic acid, and sepaiate the baiium- 
insoluble fiaction and baiium-soluble, alcohol-pi ecipitable fractions 
Aliquots of the oiigiml tiichloroacetic acid extract ivere taken foi the 
dctcimination of “true” inorganic phosphouis, phosphopyiuvic acid, total 
phosphonis, and lactic acid Aliquots of the baiium-insoluble fraction 
Bcic used to mcasuic fmetose, moigamc phosphonis, easily h 3 "diolyzable 
phosphonis (7 minutes m 1 n HCl at 100°), phosphonis resistant to acid 

* 3Vc are indebted to Professor W Cra\ons and the Poultry Department for 
generoush supphing and inciibatinR the man> eggs uhieh these experiments con 
sumed 
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hj drolysis (3 hours m 1 x HCl at 100°), pentose, and adenosine Ahquots 
of the banum-soluble, alcohol-precipitable fraction uere used to determine 
fructose, coen^une, reducing sugar, reducing sugar after 7 minute hydrolysis 
m 1 K HCl, phosphocreatinc, “true” inorganic phosphorus, easily hydrolyz- 
able phosphorus, alkali-labile phosphorus (20 minutes m 1 N KOH at room 
temperature), phosphopymvic acid, total phosphorus, pentose, and adeno- 
sme The ti'^sue residue nas analyzed either for glycogen or for nucleic 
acids (10) The nucleic acid data are included in another publication (11) 
All manipulations up to the time ahquots nere taken weie made either m 
the refngerated room or in containers surrounded by ice The determina- 
tions of “true” inorganic phosphorus, easily hydrolyzable phosphonis, 
alkah-labile phosphorus, phosphopymvic acid, and phosphocreatme were 
made first, as soon as the fractions contaming them n ere separated 

The methods of determmation, mth the exceptions to be noted, are those 
descnbed by LePage and Umbreit (9), scaled doivn to an even more “nucio” 
lei el After they vere found to give the same i allies as the methods 
descnbed (9), the method of Lorny and Lopez (12) was used for “tme” 
inorganic phosphoms, and the ultranolet absoiption at 260 mju (13) was 
used to determme adenosine Both banum-msoluble and barium-soluble, 
alcohol-precipitable fractions showed absorption maxima at 260 m/i The 
absorption at 340 m^ by the reduced fonn was used to determine coenzyme 
(14) in addition to the nicotmic acid assay descnbed (9) 

From the data thus obtamed, the concentrations of the folloivmg com- 
pounds m the onginal embrj os were calculated glycogen, glucose-l-phos- 
phate, glucose-6-phosphate, fmctose-6-phosphate, hexose diphosphate, 
triose phosphates, phosphoglycenc acids, phosphopjoaivic acid, lactic acid, 
adenosme tnphosphate, adenosine diphosphate, adenyhc acid, phospho- 
creatine, free pentose phosphate, coenzyme, inorganic phosphoms, and 
total acid-soluble phosphoms 

Since neither the nicotinic acid nor spectrophotometnc assays for 
coenzyme distmguishes between diphosphopyndme nucleotide (DPiSf) 
and tnphosphopyndine nucleotide (TPN), concentrated extracts of 7, 8, 
and 9 day embiyos rvere tested for DPN in the malic dehydrogenase system 
(Potter (15)) The banum-soluble fraction of about 25 gm of frozen 
embryos nas prepared and then precipitated mth 95 per cent ethanol 
The matenal which did not dissolve m watei vhen brought to pH 5 bi’- 
glacial acetic acid n as centrifuged and discarded The coenzjTne was pre- 
cipitated by adding an excess of silver nitrate to the supernatant, m the 
presence of 1 \olume of ethanol The silver was removed from the pre- 
cipitate vnth hydrogen sulfide and the banum from the filtrate with dilute 
sulfunc acid The volume of the extract was brought to 5 to 6 ml and 
the pH to 7 4 
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The activity of the extracts was determined by measuimg the oxygen 
consumption in the conventional Warburg flasks containing 0 027 m sodium 
phosphate buffei, pH 7 4, 0 01 m nicotmamide, 0 05 m sodium malate, 005 
M sodium glutamate, 4 X 10~® m cytochrome c, and 10 mg of liver (as 10 
per cent homogenate in distilled water) DPN is lequired for oxygen 
uptake (15) 

Glycolytic Activity of Homogenates — ^The system used to test the glycolytic 
activity of embryo homogenates was one suggested by the recent ivork on 
brain homogenates by Uttei ct al (16, 17) and Racker and I^rimsky (18, 
19) It is a system in xvhich we have been able unequivocally to demon- 
strate the glycolysis of glucose, hexose diphosphate, and hexose monophos- 
phates by tumor homogenates (20) 

We employed 85 to 170 mg of tissue (wet weight) pei Warbuig flask, m a 
total volume of 3 0 ml The contents of the flasks in all cases included the 
following basic mixtuie, ivith final concentiations as indicated 0 0033 m 
M gCb, 0 01 M NIRPOj, pH 7 6, 0 05 M KCl-KHCOs,^ 0 0005 m potassium 
pyruvate, fieshly piepaied,* and distilled water to bimg the volume to 30 
ml The follovung, when used, had the mdicated final molaiity adenosme 
triphosphate (ATP), prepared from rabbit muscle (22), 0 00067 M,hexose 
diphosphate (HDP), prepared by the method of Neuberg et al (23), 0 008 to 
0 001 M, glucose-6-phosphate, synthetically piepaied (24)'‘ oi sepaiated 
fiom a hexose monophosphate mixture by differential hydrolysis (25), 
0 004 M, fiiictose-6-phosphate, piepaied by the method of Neubeig el al 
(23), 0 004 M, glucose, 0 028 m, DPN, piepaied fiom yeast (14), 0 00033 m, 
and nicotinamide, 0 04 m All ingi edients wei e added to the mam chamber 
of the flask, except foi DPN, and, m some expeiiments, ATP, which verc 
placed in the side aim The pymvate and MgCh additions weie delayed 
until just piioi to adding the homogenate Befoie these thiee ingiedients 
veie added, the flasks veie suiiounded with ciacked ice 
The homogenates weie piepaied m an all-glass homogenizei (26) from 
cmbiyos lemovcd as desciibed eailiei, and used fresh oi after freezing m 
liquid air In some expeiiments, the homogenate of fiesh embiyos was 
divided into tvo portions, one assayed immediately and the othei fiozcn 
m liquid air and later thaved and assay^ed Both vatei and isotonic KCl 
homogenates weie used 

The fl I'^ks were ga'^sed foi 13 minutes wnth eithei a 95 per cent Na-S per 

-The ceiubmccl KlICOj-KCI solution wns prepared by slowly adding an equal 
Milunie of 1 N IICl to 1 m K COj, and then equilibrating with 5 per cent COj 

’ \\c found, as reported b% N’cedham ct al (21 and Elliott and PIerir 3 ' (21), that 
p\ru\ate eliininated a sliglit lag in the initial rate of gljcoljsis 

* o arc gr itcfiil to Dr H \ Lardv for a gift of some sjnthetic glucose 0 phos 
phatc 
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cent CO 2 mixture or a 95 per cent Oi-5 per cent CO 2 mixture The pH of 
the medium u as 7 5 to 7 6 at the end of this penod 
The CO 2 output was measured m the Warburg apparatus to determme 
the rate of acid production dunng glycolysis A few chemical analyses for 
lactic acid were also performed by the method of Barker and Summerson 
(27) 


Table I 

Analyses of Chtcl Embryos 


The values are expressed in micromoles per 100 gm 


Age, days 

3 

5i 

SI 

S 

8 

10 


No of enbryos analyzed 

Cl 

10 

10 

2 

2 

m 

Mature rat 
tissues* 

N et weight per embryo, pn 

0 032 

0 19S 

0 m 

1 S39 

1 486 

3 334 


Glycogen (as glucose) 




98 

61 

122 

81-28,450 

Glucose-l-phosphate 

167 

156 

144 

202 

199 

170 

42-175 

Glucose 6 phosphate 

193 

188 

190 

195 

286 

307 

185-423 

Fructose-O-pbosphate 

12 

12 

13 

8 

8 

8 

17-53 

Hexose diphosphate 

2 

2 

2 

2 

1 

4 

4-17 

Tnose phosphates 

291 

297 

291 

29 

131 

86 


PhoBphoglj cenc acids 

87 

130 

91 

244 

68 

258 

98-209 

Phosphopyruvic acid 

79 

76 

82 

18 

17 

35 

41t 

Lactic acid 

366 

382 

416 

250 

300 

280 

141-578 

Adenosine tnphosphate 

98 

54 

76 

43 

17 

72 

8-542 

“ diphosphate 

2 

6 

1 

42 

23 

67 

27-330 

Adenylic acid 

124 

143 

134 

149 

165 

96 

144-329 

Phosphocreatme 

' 48 

63 

44 

59 

110 

37 

116-1630 

Pentose phosphate 

' 0 

15 

3 

18 

0 

6 

22-72 

Coemsyme (as DPK) 

' 4 

4 

6 

6 

4 

6 

16-35 

Acid soluble phosphorus 

1 1725 

1930 

2010 

1900 

1780 

2290 

2390-5070 

Inorganic phosphorus 

1 268 

284 

416 

346 

348 

800 

417-748 

Organic phosphorus 

1457 

1646 

1594 

1554 

1432 

1490 

1895-1322 

“ phosphate accounted 
for, % 

90 

77 

78 

74 

75 

92 

65-81 


* From LePage (28) 

t Calculated from data for liver in LePage and Umbreit (9) 


Results 

Chemical Analyses — The results of the chemical analyses are presented 
in Table I, tshich also includes the \alues obtamed by LePage (28) for five 
differentiated rat tissues, brain, muscle, liver, kidney, and heart All 
values are given in micromoles per 100 gm of wet tissue 
All of the concentrated extracts of 7, 8, or 9 day embryos tested gat e 
positive results for DPN activity m the malic dehydrogenase S 3 '’stem The 
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concentration of DPN in the evtiacts estimated by comparing the 
Qo. obtained, Yhen a given amount was added, rvith the Qoa obtained vith 
knovTi amoimts of DPN Up to a concentration of about 120 7 of DPN, 
there is a linear relation between Qo„ and DPN concentration 

Thus, in one experiment, 0 6 ml of extract was used in one flask, 1 2 
ml in a second, and 0 6 ml togethei wnth 50 7 of DPN m anothei Thei 
gaYC DPN Y allies, as lead from the Qoi-concentration cun'^e, of 43, 55, 
and 44 7 per ml , 1 espectivel}’ These ixalues (average of 47 7 per ml) 



I’lG 1 Gljcoljsis bj S daj chick embryos homogenized in isotonic KCl, frozen, 
thn^\cd, and tested in nitrogen and in oxi'-gen, -uith homogenate equivalent to 125 
mg V ct V eight of cmbri 0 Tlic reaction mixture in the “complete” S 3 'stem included 
glucose, ATP, DPN, and the basic mixture as given in the text, plus HDP at 0 001 v 

wcic higher than that obtained foi the same extract ivhen tested spectro- 
photomctiicallj (14) for coenzyme, both DPN and TPN, 31 7 per ml 
When inaHte was omitted from the system, no appreciable oxygen con- 
sumption could be measured, whetliei DPN, up to 100 7, or embryo ex- 
tract was ])iesent 01 absent 

Ghjcohjlic AclivUij of Homogenates — The results obtained wath vaiioiis 
tYpcs of homogenates of pooled chick embryos are showm m Figs 1 to G 
Fig 1 shows the data obtained with KCl homogenates of 8 day embryos 
that had been frozen and thaw ed before homogenization We did not pre- 
paic an extract, but used the whole homogenate (c/ Meyerhof and Perdigon 
(8)) It was tested m a reaction mixture that mcluded all of thelmown 
factors that might be required for glycolysis, and wath various omissions, 
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m oxj gen and in mtrogen The data show that the complete system gly- 
colyzes HDP at a rapid rate that is maintained for 3 hours or more Nico- 
tinamide IS not required to preseiwe the glycolysis and is actually slightly 
inhibitory, m marked contrast to the results obtained mth tumor (20) 
Omission of ATP produced a lowered rate of glj^colysis but there u as still 
considerable actn itj Hon ei er, omission of DPN or HDP resulted m an 
almost complete loss of activitj' The sj'stem thus i equires DPN and HDP 
and, in the absence of HDP, glucose cannot be glycolyzed However, in 
the presence of small amount's of HDP, msufficient to maintain the rate 
of glycolysis alone, glucose can be glycolyzed nearly as n ell as HDP, pro- 



Fig 2 Glycolysis by 8 day chick embryo homogenates m the presence of 0 001 m 
HDP with and without glucose Other reactants and homogenate as in Fig 1 

vided the gas phase is nitrogen , m oxygen, the rate was much lower and the 
COi! output soon ceased altogether (Fig 2) This mhibitoiy effect of oxy- 
gen was present but much less noticeable m the systems that mcluded high 
levels of HDP (Fig 1), and it is therefore unhkely that the oxygen effect 
was due to oxygen uptake Furthermore this possibihty vas tested by 
measunng the oxygen uptake of the complete system without bicarbonate, 
m air, with and without 4 X 10"® m cytochrome c The oxygen uptake 
V as very low in each case, and amounted to only 6 3 and 5 3c mm of 
0i per 100 mg of embryo m 20 minutes 
Water homogenates are compared with KCl homogenates m Fig 3, 
in the complete system and ivith glucose or HDP omitted In these 
systems the two types of homogenates gave almost identical results The 
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slight inliibition intli nicotinamide and the complete loss of activity vlien 
ITDP IS omitted aie heie shovTi inth vatei homogenates, and aie compa 



I'lG 3 Glvcolysis TMth homogenates of 7 day chick embryos, 100 ing ^^et weight 
jicr flask KCl homogenates compared with water homogenates after freezing and 
thaw mg The complete system included 0 OOS m HDP, glucose, nicotinamide, DPN, 
and \TP Oxygen in gas phase 



Pig 1 Gh colj SIS w ith IvCl homogenates of 7 day chick embryos, 100 mg per flask 
I-rcsh homogenntes compared with frozen homogenates Complete s 3 'stcm ns m 
I ig 3 but w ith 0 001 M IIDP and with nicotinamide omitted Oxygen in gas phase 

lablo to the icMilts with KCl homogenates in Fig 1 In addition, the KCl 
liomogonato was tested witli the DPN addition doubled The slight 
mcica^e m actn it3 suggests that the lowei level is probably adequate 
Tint fi cozing the homogenate is unnecessaiy foi obtaining ma\imuni 
1 ates of glj'colj sis m the complete system is shown in Fig 4, in wdiich identical 
results weic obtained with fresh and frozen KCl homogenates, w'hen all of 
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the reaction components "nere present Differences appeared, however, 
when glucose or HDP nere omitted When glucose vas the substrate, 
the fresh homogenate vas supenor to the frozen homogenate, and when 



Fig 5 Gl> colysis obtained i\ ith fresh KCl homogenate of 7 day chick embryos in 
nitrogen Complete system includes 0 004 m HDP, glucose, DPN, and ATP, but no 
mcotmannde F6P represents fructose 6 phosphate 0 004 m Solid lines represent 
170 mg net weight of embno, and broken lines represent 85 mg wet weight 



Fig 6 Glycoljsis obtained with same homogenate as in Fig 5 but frozen and 
thawed, and mth 114 mg wet weight of embr>o per flask ISTitrogen in. gas phase, 
HDP at 0 001 M, glucose at 0 028 m, FOP represents fructose-6-phosphate 0 004 m, 
GBP represents glucose 6 phosphate 0 004 w All the flasks contained ATP, DPN, 
and the basic mixture but no nicotinamide 

HDP was the substrate, the situation w as reversed These results may be 
explamable in terms of the differences m accessibility of the enzymes m the 
two homogenates and differences m diffusibility betw'een glucose and HDP 
Pigs 5 and 6 show glycolysis bj fresh and frozen homogenates m nitro- 
gen, with vanous substrates In Fig 5 glucose is shown to be glycolyzed 
in the presence of 0 004 m HDP and m Fig 6 m the presence of 0 001 m 
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HDP The increased CO 2 pioduction obtained ^Anth glucose-6-phospliate 
and fiuctose-6-phosphate is also shoiAYi in Fig 6 With the monophos- 
phates at this ciitical concentiation, the late is not maintained and falls 
off as in the case of 0 004 m HDP wothout glucose (Figs 1 to 5) Glucose 
at 0 02s maintains the gljmolytic late bettei than the monophosphates 
at 0 004 M nhen the “piimmg” level of HDP is present, but is not glyco- 
Ivzed to any significant extent in the absence of HDP These obsena- 
tions may be explained m terms of the Embden-Meyerhof mechanism h 
a'^suming that glucose must be phosphor ylated to be gtycolyzed 
Further expeimients vith the monophosphates showed an oxygen eftect 
similar to that obtained vith glucose and 0 001 m HDP, as shown in Fig 2 
This eftect vas also studied in the case of tumoi homogenates and is re- 
ported in greater detail elsewheie (20) 


Tablv II 

Lacttc Acid Analyses 



Lactic acid per flask 


Calculated from 

COi output 

Found 


y 

y 

Complete sjstem (HDP, glucose, ATP, 
DPN, nicotinamide) 

2215 

2865 

hlinus nicotinamide 

2605 

3090 

“ HDP 

881 

1255 

” glucose 

660 

838 

“ HDP and nicotinamide 

1384 

1640 


In only tvo expeiiments did Ave cncountei responses different fiom those 
described in Figs 1 to 6 Both AA^eie A\nth fresh homogenate and in both 
the oxygen mixtuic AAas used In the first a 5 day embryo homogenate 
gaA c a sizeable CO 2 output a\ ithout any HDP, 76 c mm per 100 mg per 80 
minutes, and this A\as onlj’- slightlj’" increased b}’’ the addition of HDP 
In the other case, AMth a homogenate of 7 day embryos, the CO 2 output 
AAas slighth laigei AAitli glucose alone (165 c mm per 165 mg pei 200 
mmutes)thanAAithO 002mIIDP(120c mm ) IWien HDP and glucose aa ere 
present together, the CO 2 output AAas much gicatei than the indiAudual 
ones combined (150 c mm ) Fuithcimoie, in this second case, the omis- 
sion of DPN or ATP had little 01 no effect, AAhether the substrate AAas 
HDP, glucose, 01 both These results are probably related to the findings 
in Fig 4, and are a reflection of the degree of “intactness” of the enzyme 
sj stems in the fresh homogenate 

Table II sIioaas the lesults of chemical anab'^ses for lactic acid for Aac 
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of the flasks in this second atypical expenment A companson with the 
amount of lactic acid expected, from the measured CO 2 output, plus that 
estimated as having occurred before the zero reading and the lactic acid 
present in the 165 mg of tissue, shows that the chemical analyses consist- 
ently gave higher values 


DISCUSSION 

The results described point to the conclusion that the typical phosphory- 
latmg system of glycolysis exists and functions in the early chick embryo 
The phosphoiy^lated intermediates knmra to take part m the Meyerhof- 
Embden cycle hai e been found in 3 to 10 day embryos, v ith concentrations 
roughly the same as those found m mature tissues when anafyzed in the 
same fashion, i e , follow mg freezmg m liquid air Stumpf (29) has re- 
cently reported the presence of six of these intermediates m 6 to 10 day 
chick embryos 

Homogenates of 5 to 8 day' embiy os have been shown to glycoly'ze hexose 
diphosphate, fructose-6-phosphate, and glucose-6-phosphate, in addition 
to glucose, with the requirements of the glycolyzing system those which 
would be expected if the Mey'erhof-Embden cycle were operative, te, 
DPN is essential, HDP but not glucose is essential, ATP is stimulatmg 
The activity of the homogenates, with only 125 mg per flask, is as high as 
any shown by Needham and cow orkers with very much more tissue, usu- 
ally 2 0 ml of undiluted embrym tissue mmce 

These results do not disprox e the existence of the non-phosphorylatmg 
glucolytic pathway postulated by Needham But there is little, if any- 
thing, m them which w'ould mdicate its existence The only possible ex- 
ceptions are the tw o expenments m w hich homogenates of fresh embryos 
failed to show' the typical HDP requirement for glucose glycolysis, and m 
one of which neither DPN nor ATP oimssion had any appreciable effect 
It might be maintained that our failure to find evidence for the non-phos- 
phorylatmg mechanism is due to our disruption of the cell structure which 
Needham and his colleagues claimed to be required for this mechamsm 
Yet their only evidence for the contention that cell structure is required 
appears to be their inability' to prepare extracts capable of glucolysis 

On the other hand, some of the analytical results we have presented 
further weaken the evidence which led to the postulation of the non- 
phosphorylatmg pathway We have confirmed Mey'erhof and Perdigon’s 
finding (8) that DPN is present in the chick embry'o by using the same me- 
thod of assay which Needham and Lehmann (4) found to give negative 
results, the malic dehydrogenase sy'stem We have found amounts of 
ATP and adenylic acid similar to those found m mature tissues where the 
Meyerhof-Embden cycle is generally considered to operate, despite the 
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fact that the drj'- matter of embiyo is one-third or one-fourth that in the 
mature tissues ® Our demonstration of sizeable quantities of both phos- 
phoglyceric and phosphopyruvic acids indicates that the enzyme needed 
for the conversion of tnose phosphate to phosphoglycerate is not only 
present, as shovm by the manometric data of Me 5 ''eihof and Perdigon (8) 
and those here reported, but active m the living embryo It may be 
sigmficant that the two embryos ( 8 and 10 day) with the lowest values for 
tnose phosphate have the highest amounts of phosphogl 3 ’’cei ic acids Need- 
ham ((30) p 612) has argued, fiom the marked inhibition of glucolj^sis bj 
DL-glyceraldehyde, that hevose diphosphate cannot be noimally involved 
in glucolysis because tnose phosphate forming from it would lemove the 
DL-glyceraldeh 5 ’’de and hmit its inhibition Yet, our analyses demonstrate 
an unusually high concentration of tnose phosphate in the embryo, with 
some indication, perhaps, of a highei concentration in the 3 to 5 day than 
in the 8 to 10 day embryos 

Thus we aie led to the same conclusion which Dorfman (31) reached 
after levieiving the glycolysis hteiatuie through 1942, though it does not rule 
out the possibiht 3 ''ofanon-phosphoiylatmgroute of glycolysis, the available 
evidence does not make necessary postulating the existence of such a route 

A few othei aspects of the data can onl 3 ’- briefly be commented upon 

Oxygen has been showm to be maikedl 3 '' inhibitory to the gl 3 ^colysis of 
cmbiyo homogenates Yet, m the same system, with only bicarbonate 
missing, emblem homogenate has an exceedingly small oxygen uptake 
This ivould indicate that, for the chick embiyo homogenates, the Meyerhof 
explanation of the Pasteur effect does not apply Needham et al (2) 
reached this same conclusion from studies of the rate of oxidative disap- 
pearance of lactic acid The relativel 3 ’’ smaller mhibitory effect of oxygen 
wdien HDP is being glj'-colyzed than when glucose is (Figs 1 and 2) might be 
taken to indicate a point of action of the oxygen betiveen glucose and HDP 
in the Meyeihof-Embden cycle, as suggested by Engelhaidt and Sakov (32) 

From the fact that nicotinamide is unnecessary to preserve the DPN 
actu]t 3 ’’, it would appear that DPNase is not active in our preparations 
This IS difHcult to reconcile with the finding of Me 3 ’’eihof and Perdigon 
(8) that chick cmbr 3 ’’o extract rapidly destroyed DPN We made no at- 
tempt to ascertain whethei the apparent discrepancy in results stems from 
the difference m methods of preparing the tissue 

We bar e not ti led to account for the consistently higher lactic acid 
values obtained b 3 " chemical analysis than the manometric data would 
indicate Ochoa (33) found a similar discrepancy in his experiments wath 
brain extracts In his w oik, corrections of the manometric data w'^ere made 

* Our \alues for ATP agree quite well i\ith those given bv Needham el al (2) m 
terms of casilj h} droh zablc phosphorus 
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for acid changes due to formation or breakdown of hexosephosphonc esters, 
but not for CO5 retention by the sj stem We hax e made neither correction 
In view of the \ eiy close parallel between the chemical and manometnc 
data, it seemed safe to use COj hberation as a true measure of glycotysis 

StniMARY 

1 Chemical anal} ses of 3 to 10 day chick embrj os reveal the presence of 
glycogen, glucose-l-phosphate, glucose-6-phosphate, fructose-O-phosphate, 
hexose diphosphate, tnose phosphate, phosphoglycenc acid, phospho- 
pyruvic acid, lactic acid, adenosme tnphosphate, adenosine diphosphate, 
adenylic acid, phosphocreatme, free pentose phosphate, and coenzjTne 

2 Assay of embryo extract m the mahc dehj drogenase sjstem shows 
the presence of DPN 

3 Homogenates of 5 to 8 day embryos ha\ e been shown to glycolyze 
hexose diphosphate, fructose-6-phosphate, glucose-6-phosphate, and glu- 
cose The requirements for the glycol}i;ic sj stem are mdicated 

4 The beanng of these data on the existence of phosphorylatmg and non- 
phosphorylating pathways of gljcolysis in the chick embrjm is discussed 
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STUDIES ON THE ]\'IECHANISM OF THE THROMBOPL^STIC 

EFFECT* 

Eim IN CHARGAFF 

{From the Dcparlmcnl of Bjochemtsinj, CoUeae of Phystcxans and Surgeons, 
Columbia Unucrsilij, Neto Yorl) 

(Rcccned for publication, November 14, 1947) 

The important role m the activation of prothrombin played by a group 
of macromolecular cjiioplasmic lipoproteins, the thromboplastic proteins, 
has been emphasized in several pubhcations from this laboratory (1-4) 
The mechanism by vhich the thromboplastic effect is exerted has, how- 
ever, remamed completelj unknown This is largely due to the difficulty 
of studying reactions m vhich the formation of a catalyst is catalyzed, 
especially when, as is the case in blood clottmg, some of the agents and sub- 
strates are represented by giant molecules which produce and undergo 
mmute chemical changes 

A beguming should, how ever, be made by lifting some of the reactions 
mvolved out of the sphere of indirect demonstration This paper presents 
evidence that the thromboplastic protem is not consumed m the course of 
the activation of prothrombm and also includes experiments on the prep- 
aration of dismtegration fragments of this hpoprotein retainmg consider- 
able thromboplastic activity and attempts to follow the course of the reac- 
tion by spectroscopic observations 

EXPERIMENTAL 

Material and Assay Method 

The preparation of the thromhoplaslic protein of beef lung was described 
previously (5, 6) The specimen used in the course of the present study 
contained K 7 0, P 1 5 In some of the experiments, which will be mdicated 
below , the freshly prepared solution of this substance before its recovery m 
the dry state was employed The preparation was entirely free of pro- 
thrombin and thrombiiL 

The dry preparation of fibrinogen from human plasma which was used m 
one set of experiments w as obtained through the courtesy of Dr J T Ed&all 
of Harvard University This preparation w as made from blood collected 
by the American Red Cross under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and 
Development and Harvard Umversity 

* This work i\a8 supported by a grant from the Amencan Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council 
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ISIECHANISiM OF THROMBOPLASTIC EFFECT 


We aie indebted to Di W H Seegers of Wajoie Umveisity for a purified 
sample of cattle piothwmhin (2000 units pei mg of N) 

The assay method ^^hlch made use of human plasma, centiifiiged at a 
1 ei 3 " high speed, has been described m a pievious publication (2) 

Uliiaviolet Ahsoipiion Spcctium of Thi Oiiihoplashc Protein 

The tlnomboplastic piotein of beef lung m as caused to sediment by ccn 
tnfugation at 31,OOOf7, following puiification in seveial centiifugal cycles 
(G), and the pellets 1161 e taken up in 0 1 m boiate bulfei of pH 8 3 The 
solution lias once moie subjected to centi ifugation at 5000<7 foi 30 minutes 
Anal 3 ’'sis of aliquots of the supernatant shoiied the presence of 4 28 mg of 
the tlnomboplastic piotein pei cc of solution Foi the specti oscopic ob- 
seii ations in a Beckman photoelectiic quaitz specti ophotometei the ficshlj 
piepaicd solution iias diluted I lOO inth boiate bulTei The absoiption 
specti um IS repi oduccd in Fig I AVlien the solution was allowed to stand, 
eien at 4°, the maximum at 227 mju giadually disappeaied, inth the 
deielopment of a contmuouslj’’ incx easing end-absoiption, the plateau he 
ti\ een 270 and 260 m/x hoii evei , pei sisted Indications wei e obtained that 
this specti al change on storage nas caused bj'’ the giadual aggregation of 
the protein in solution, since the oiigmal spectrum could sometimes be 
lestoied bj" the centi ifugation of such solutions at 5000<7 

The total lipides isolated fiom a portion of the tlnomboplastic piotein, 
■when examined in chloiofoim solution, exhibited an absorption spectrum 
ulncli, in the region betucen 300 and 250 m/x, resembled that gnenb) the 
intact piotein Thej'’ shoned a slight maximum at 275 m/x (specific ex 
linction /i = 0 76) and a minimum at 263 m/x (A = 0 72) For another 
lipicle piepaiation the A a alues at the same wave-lengths veie 0 69 and 0 CG 
i cspectivcly The ti eat meat of the lipide solution v ith 0 I m sodium bisul- 
fite piodutcd no change iii the spectium The aqueous solution of the 
bises lecoxcied from an acid h3''diol3’’sate of the lipide prepaiation ex- 
hibited no selective absoiption m the ultraviolet 

of Tlnomboplasln Piotein Following Piothwmhin Activation 

Rcconuj E\pciiincntb~l\\. pielimmaiv experiments, as desciibed pic- 
Moiish (6), it w i- found thaf about I j of tlnomboplastic piotein vas ic- 
(juned foi the eoiuplote aelu Uion of 15 y of the piotlnombin sample vitlun 
20 nnmitts it 30'" 

lo H solution of St) iiig ol piotlnombin m 5 cc of boiate biihei contain- 
ing 1.50 mg of c ill lum nitrate (pll 7 7) I cc of about 0 4 pei cent solution 
of the thiombopl ivtu pioti in m boiate buflci of pH 8 i\as added A con 
tiol expel nnent m whuh piotlnombin was omitted, was earned out tlnougb 
all opeiations The nnxtuio was kept at loom tempeiatuie for I hoin in a 
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closed lusteroid tube and then subjected to centi jfugation at 31,000g for 90 
mmutes The supernatant proved, of course, extremely nch m thrombin 
The translucent pellet was dispeised in 8 cc of boiate buffer of pH 8 and 
the solution again centrifuged at Sl,000flr foi 90 minutes This piocedure 


k 



Fio 1 Ultraviolet absorption of thromboplastic protein of beef lun^ in 0 1 m 
borate bulTcr of pH 8 3 (0 0128 gm per liter) / , the spcciBc o> tinction, = E/cd, 
iihere^f = log IJI,c = concentration m gm per liter, cf = thickness of absorbing 
layer in cm 

repeated once more* The solution of the sediment was dialyzed for 
24 hours against running tap water and for 48 hours against ice-cold dis- 
tilled water The protein, recovered by the evaporation of the water from 
the frozen solution in vacuo, weighed 2 9 mg (Fraction Tp-P) The cor- 
respondmg fraction (Tp-C), recovered in the control experiment, weighed 
3 0 mg 

* The adequacy of the washing n as controlled by thrombin tests 
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These fractions v.ere assayed foi thromhoplastic activity as shovn in 
Table I The results Mere suipiising the thi omboplastic piotein fi action 
recovered after the activation of piothiombin had not only retained its 
actmt}’’, it actually M'as more potent 

Sped! oscoptc Observations — ^In the course of the lecovery study presented 
m the precedmg paragraphs samples M^ere lemoved from both the prothrom- 
bin and the control experiments at various stages of the puiification of tlie 
thi omboplastic protein and examined specti oscopically No essential 
change in the shape of the spectrum leproduced in Fig 1 M’’as observed 

Table I 

Aclivily oj Throinhoplasltc Prolcin before and after Achvation of Proihromhn 
The experiments vere earned out at 37° by mixing 0 1 ce of plasma i\ith 01 
cc of the saline suspensions of the thromboplastic protein and 0 2 cc of a 0 01 M 
CafNOjlj solution (containing 0 4 per cent ofNaCl) Tp represents the preparations 
used lor the expciimcnts, Tp-P the fraction lecovered altei the activation ol pro 
thiombin, Tp-C the fiaction recovered in the control expeiimcnt 


Preparation 

Concentration m 
e-vperimcnt 

I Clotting time 

Plasma 1 

Plasma 2 


T 

sec 

sec 

Tp 

100 

63 

71 


10 

85 1 

90 


1 1 

128 

132 

Tp-P 

100 

18* 

20 


10 1 

70 

52 


1 

111 

78 

Tp-C 

100 

77 

90 


10 

130 

145 


1 1 

188 

222 

1 


* The \irlual absence of thrombin from this preparation is demonstrated by the 
fact that, vhen Ca++ \\'is omitted, a slow deposition of fibers started only after 3G0 
seconds 


The ccntei of absorption at 227 mp had become obliterated in all samples, 
but this, as Mas pointed out befoie, also took place Muth untreated stored 
solutions The significance of one othei observation cannot yet be deter- 
mined althougli the concentrations M^eic kept as neaily identical as possible 
mboth expel iments, the samples recoimred after the activation of prothrom- 
bin exliibitccl consistently hi^iei extinction values (30 to 70 per cent at dif- 
ferent stages of the experiment) than did the control samples 

.Vnothei tjTc of ex'penment is exemplified m Fig 2 The spectra (in the 
legion of 300 to 240 mp) of the thi omboplastic protein (Curve I) and of the 
piothiombin- (Cui ve II) Merc compaied Math the specti um given by a miv 

- UltriMolet absorption spectra of more highly purified prothrombin haxe been 
published b} Seegers ei al (7) 
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ture of these components (Curve III) which, since calcium ion was present 
in all solutions, corresponded essentially to thrombm If the extmction 

ExlO^ 



Fig 2 Ultra^^olct absorption of mixtures of thromboplastic protein and prothrom- 
bin All experiments n ere earned out in 1 cm cells in 0 1 m borate buffer of pH 
S 3 containing 900 7 of Ca(NOj) per cc Curve I, 40 7 of thromboplastic protein 
per cc , Curve II, 300 7 of prothrombin per cc , Curve III, 40 7 of thromboplastic 
protein and 300 7 of prothrombin per cc The mixtures were kept at room tempera- 
ture for 30 minutes before spectroscopj The solid dots indicate the differences in 
the extinction \ aluts plotted as Curves I and III 

values for Curve I are subtracted from those of Curve III, t e if allov ance 
IS made for the tmehanged properties of the thromboplastic protem durmg 
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actnation, a ne\A ciuve can be constructed (likewise indicated m Fig 2) 
nhicli in all essentials coiiesponds to Cuive II, the spectium of the pro 
thiombin solution This expeiiment, theiefoie, likewise failed to leveal a 
spectial change dining activation It should be emphasized that these 
obscivations, because of the contamination of the prothiombin employed 
inth othei plasma globulins, have only'- qualitative validity'- 

Influence of Ftbnn Fomwhon on Achvihj of Thi omhoplastic Protein 

This expeiiment iias designed to test the fate of the tliiomboplastic pio 
torn in the com se of the coagulation of fibi inogen 60 cc of the fresh 0 43 
pel cent solution of the tliiomboplastic piotein in boiate buffer of pH 83 
veie mixed with 15 cc of a solution of the human fibi inogen poiidei con- 
taining a total of 210 mg of fibi inogen 65 cc of this mi-diiue (containing 
about 224 mg of the tliiomboplastic piotein, 182 mg of fibiinogeii) weie 
centiifugcd foi 30 minutes at 5000<7 The supeinatant was subjected to 
centiifiigation at 31,000f/ foi 90 minutes and this was lepeated with the 
suspension of the sediment in 65 cc of boiate biiftei of pH 8 3 (At this 
stage the supeinatant failed to sliou the piesence of fibiinogen when tested 
with thionibin ) To the suspension of the pellets m 30 cc of boiate of pH 
8 3a solution of 10 mg of tliiombin® m 5 cc of the same buffei was added 
and the mixtiue uas kept foi 30 minutes at loom temperatiue and foi 15 
houi s in the i efi igei atoi The tin omboplastic pi otem w as then again pre- 
cipitated by^ centiifugation at 31,000(/ foi 90 minutes The pellets, vhicli 
consisted of an elastic, difficultly dispeisible material, iveie washed ivith 
boiate buffei imdei the same centiifugal conditions, lesuspended, dialy'zed 
against lunmiig and ice-cold distilled uatei, and lecoveied by evapoiation 
of the fiozen solution in a vacuum Fi action Tp-F, 89 5 mg of a white 
felt, contained N 7 6, P 1 5 HTien assay’-ed foi thromboplastic activity, as 
dcsciibed in Table I, the clotting times (in seconds) foi two plasma samples 
AACie as follows 100 y, 30, 30, 10 y, 50, 59, 1 y, 84, 91 

Eflfct on Iln omboplastic Piotein of Sliong Sodium Chlonde, Guanidine 
Hydi ochlonde, and Sodium Desoxycholate 

In these expeniuents, uhich aie piesented in detail in Table II, 0 2 pei 
cent dispoiMons of the chy'- tliiomboplastic piotein piepaiation in M sodium 
chlonde, 5 m gu inidme liyHi ochlonde, and 0 012 ri sodium desoxycholate 
ucic stoied foi 24 houis m the lefiigeratoi The mixtures weie centiifugcd 
for 90 niiniites at 31,000f7 and the pellets suspended in boiate buffer of pH 
7 7 These suspensions and the supeinatants were dialyzed for 68 hours 

= We arc indebted to Dr D W MacCorquodalc of the Abbott Laboratories, North 
Chicago, Illinois, for this preparation 
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against running tap i\ater, for 72 houis against ice-cold distilled ■water, and 
then concentrated in a vacuum m the frozen state 
The various fractions ere assayed for thromboplastic activity In most 
instances their hpide contents and the composition of the lipide-free residues 
■were also determined hj’’ a procedure prenousty described (3) (see Table 

II) 


Table II 

Dmnlegralton of Thromboplashc Protein hi/ Various Agents 


o 

c 

V 

s 

c. 

K 

Agent 

Dismtegration products 

Thrombo- 

plastic 

actiMtj* 

Lipldc free residue 

Distnbution 

Pro- 

por 

tion of 
start 
ing 
mate- 
rial 


P 


! 

1 \ 

P 

1 

! 

Pro- 

per 

Itton of 
start 

1 mg 
. mate- 
rial 


Por 

por 

tton of 
start 
mg 
mate- 
rial 










per 






per 

per 

per 

per 

per 


cent of 

per 

per 




cent 

cent 

cent 

cent 

cent 


ortgtncl 

cent 

cent 




1 






fraction 



1 

None 


too 

7 0 

100 

1 5 

100 

71 90 

48 

13 1 

0 65 

2 

M sodium chlo- 

Sediment 

so 3 

7 1 

81 5 

1 1 

58 9! 

112 148 

43 

11 6 

0 5 


nde, pH 6 5 

Supernatant 

9 3 

7 1 

9 4 

0 7 

4 3 

88 no 




3 

5 M guanidine 

Sediment 

64 8 

6 1 

56 5 

1 3 

56 1 

85 114 

34 

10 1 

0 7 


hj drocblo- 

Supernatant 

31 2 

8 7 

38 8 

0 6 

12 5 

Inac 

56 


0 4 


nde, pH 6 9 







tne 




4 

0 012 M sodium 

Sediment 

31 7 

8 5 

38 5 

0 7 

14 8 


51 

13 2 

0 3 


deso\j cho- 












late, pH 7 3 

Supernatant 

67 6 

4 9 

47 3 

1 0 

45 1 

70 91 

37 

10 7 

0 6 


* Clotting times observed with 100 and 10 rcspectntb of the test substances 
in the arrangement desenbed in Table I 


DISCL'jSlON 

The possible effects of the thiomboplastic piotem can be reduced to the 
following propositions (a) it catalyzes the acti\ation of piothiombm wuth- 
out itself enteiing into the leaction (8), (6) it (oi one of its components) 
combines with the prothiombin to pioduce thiombin (9), (c) it lemotes a 
portion of the prothrombin (peih ips a thiombm inlubitoi) and theieby le- 
leases the acti\ c thi ombin (10) the fii^t statement implies an essentialh 
cnz^'matlc lunction, and this has been exine-sed in the often used teim 
till ombokina'^e 1 he second chou c im oh the consumption of the tin om- 
boplastic piotcin in the coui'-e of a stoichiometiic leaction The same ls 
true of the thud possibihtj listed, unless the lemoeal of the inhibitor is 
postulated as an enzjanatic reaction, m which case propositions (a) and (c) 
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become identical Among the studies suppoi tmg the non-enzymatic char- 
acter of the thromboplastic agent that of Meitz et al (11) should be men- 
tioned 

Some of the expeiiments piesented in this papei, howevei, lend strong 
suppoi t to the conception of the enzymatic natuie of the tissue factor 
They ueie based on the foitunate fact that the thiomboplastic piotem, 
because of its centrifugal characteiistics, can be isolated fiom the leaction 
mixtuie by centiifugation at higli speed following its action on piotluombm 
The lecovered thromboplastic piotem had not lost its activity, it had, in 
fact (and this cannot yet be explained) somewhat inci eased in potency^ 
If the conditions undei which the expeiiments showing a piopoitionalitj 
between the amount of thrombin pi oduced from a pi othi ombin excess and 
the amount of thiomboplastin piesent weie conducted (11) aie compa 
rable to the expeiimental arrangement repoited here, it may be concluded 
that the catalytic activation of piotluombm takes place undei equilibrium 
conditions m vhich an excess of substrate (piotluombm) is inhibiting 
This uould serve to classify the thiomboplastic effect as a leaction vith 
explosive tendencies proceeding via blanched chains (12) The spectio 
scopic evidence submitted heie, although not contributing to a deepei in- 
sight into the leaction mechanism, also favors the Auew that the thiombo 
plastic piotem lemauis unchanged during the leaction 

Wien the coagulation of fibimogen takes place undei physiological con- 
ditions, the thiomboplastic agent which acted as the mitiatoi piesumably 
still IS piesent It was, theiefore, of mteiest to asceitain whethei tlic 
thiomboplastic piotem, caused to sediment from a fibimogen solution and 
then treated with thi ombin, in ordei to coagulate whatever fibimogen had 
been adsorbed, uas inactivated oi had retained full activity The latter 
has now been found to be the case 

TJie experiments on the distmtegration of the thiomboplastic piotem by 
vaiious chemical agents lequire some comment Since this lipopiotein is 
peihaps the only lepiesentative of this gioup whose biological activity can 
be followed wnlh ease, the study of the chemical alteiations to wdiich it can 
be subjected without complete inactivation may be of moic gcncial m- 
sti uctn cness In a lecent study fiom this laboiatoi}'' (2) it has been shoim 
that piacticallj the entire thiomboplastic activity of aqueous lung extracts 
was confined to one fraction sedimentable at a high centiifugal speed 
Even when the paitial disintegiation of the lipoprotein was brought about 

* It could bo 'iigucd (hat c\cn if the reaction bctucon the tliiomboplastic protein 
and prot hrombin ^\ ere non on/} niatic any unused poi tion of the thi oiuboplastic ‘ipciit 
«ouId be expected to be rcco\ciablc bj centiifugation But this is made exlrcinob 
unlike!) b) the results of the control cxpciinrient tnd the paiallcl spectroscopic 
obscrx ations 
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by freezing m the presence of ether, "whatever activity remained went into 
the sediment (6, 13) 

The effects obtained with strong sodium chloride and with two agents 
knovTi to denature protems, mz guamdme and sodium desoxycholate, may 
be summarized as follov s They all attack the thromboplastic protein, the 
first effect shown by all agents bemg the detachment of some phosphory- 
lated compounds m such a manner as to render them dialyzable As will 
he ‘^een m Table II, after treatment inth m NaCl about 91 per cent of the 
nitrogen of the starting material nas recovered, but only 63 per cent of the 
phosphorus, the corresponding figures for guamdme vere 95 and 69 per 
cent, for sodium deso-q'cholate 86 and 56 per cent Otheiwise, as might 
have been expected, strong sodium chloride vas the least effective of the 
agents studied Guamdme cleaved the thromboplastic protein, rendermg 
about one-third non-sedimentable and inactive, the sedimentable part re- 
turned activity Sodium desoxycholate had the most mterestmg effect 
it detached about tv o-thirds of the protem m a non-sedimentable form re- 
tainmg fuU thromboplastic actmty This is the first instance of this kmd 
obsened in our studies and may be of value for future work 

The assistance of Mrs Charlotte Green is gratefully acknowledged 

SUMMARY 

The thromboplastic protem, following its leaction vith prothrombin, can 
be recovered, by high speed centrifugation, with full activity This finding 
lends strong support to the conception of the enzymatic nature of the throm- 
boplastic agent 

The thromboplastic protem, vshen caused to sediment from a fibrmogen 
solution and treated with tlu ombm, retains full activity 

Guamdme, sodium desow cholate, and to a lesser degree strong sodium 
chloride, have a far reaching effect on this hpoprotem Of particular m- 
terest is the action of sodium desoxycholate, vnth the aid of which it has for 
the first time been possible to separate a non-sedimentable disintegration 
fragment vnth considerable thi omboplastic actmtj' 

The ultraviolet absorption ‘-pectrura of the thromboplastic protem is 
reported and spectioscopic observ’^ations and general remarks on the mech- 
anism of the thromboplastic effect are included 
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ON THE INHIBITION OF THE THROMBOPLASTIC EFFECT* 

Bi ERWIN CH\RG\FF and CHARLOTTE GREEN 

(From the Department of Bwchenustry, College of Physicians and Surgeons, 
Cohtmhia Unnerstty, Xew I orl ) 

(Reccu cd for publication, November 14, 1947) 

The search for inhibitors of the thromboplastic piotem, apart fiom 
theoretical deductions to tthich it may lead, may also be of practical 
interest, if, as was recently shown to be piobable (1), minute quantities of 
substances of this kind are present m circulating blood An increased ex- 
cretion of the thromboplastic protem followmg cellular damage could be 
expected to lead to the formation of the thrombi ' 

The inhibition of the thromboplastic effect involves the first phase of 
blood coagulation, the preparatory step m vhich prothrombin is activated 
to thrombin, but to decide v hether a particular inhibitor acts on the throm- 
boplastic protein or on the piothrombin is extremely difficult These con- 
siderations do not apph , of course, to agents, such as dicumaiol, that pre- 
vent the production of prothrombm in vivo 

Tbs paper presents the results of a study of the action of a number of 
inorgamc and organic compounds on the thromboplastic effect, examined in 
as simple a system as possible The experimental arrangement was so 
designed as to pennit the distinction between the inhibition of thrombin 
formation and that of thiombin action The concentration of the inbbitor 
was the only \aiiable, the amounts of tliromboplastic piotem, prothrombm, 
and fibrinogen (iihich all weie employed as purified pieparations) bemg 
kept constant This ^ oluntary limitation precluded the examination of 
the various factoi s know n or claimed, to occur in nature that aie commonly 
designated, though by no means authenticated, by the piefix anti The 
important anticoagulant heparm also was excluded for the present, since 
the requned addition of the heparin complement w'ould have complicated 
the experimental system 

The action of metal salts on the coagulation of blood has been studied bj”^ 
several authors (e g (2-7)), but the experimental conditions under which 
the results w ere obtained are open to serious objections In many instances 
no attention was paid to the hxdrogen ion concentiation of the clottmg 
system, in almost all cases whole blood or plasma was used, wbch not only 

* This work Was supported bi a giant from the American Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council 

' 4 method similar to the one outlined in Table III of a recent publication (1) could 
conceiiabb serve as a basis for the estimation of circulating thromboplastic protein 
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complicated the mterpietation of the findmgs, because of potential leac- 
tions between the metals and other blood proteins, but also made difficult 
the differentiation between the inhibitions of the thromboplastic and of the 
thrombic effects, and in no case was the establishment of a standardized 
mcubation time of the thromboplastic agent oi the protluombm mth the 
inhibitor possible 

The results obtained in the piesent study are summarized m Table I 
It ■will be seen that of the metals inhibiting the first phase of coagulation 
only, i e the foimation of thrombm, scandium, yttnum, and lanthamm 
were by fai the most active - This is in harmony with the known anti- 
coagulant pioperties of laie earth salts, both in mvo and in vitio (2, 4-7) 
With the exception of scandium, of which little appears to be knowm (8, 9), 
these tervalent cations seem, however, too toxic for practical apphcation 
(9-13), though vitamm K has been reported to overcome the lowering by 
rare earth salts of the prothrombin level m animals (14) 

The effect of lanthanum acetate on the thromboplastic protein was 
studied m gi eater detail This salt was found to bring about the floccula- 
tion of the piotem, so as to render it precipitable in a much weaker centrif- 
ugal field than must be employed normally This effect is probably due 
to the well knowm precipitating action of lanthanum salts on nucleic acids 
and nucleopioteins (15, 16) ® There appears, howmver, to be no connection 
with the anticoagulant piopeities discussed here, since the thromboplastic 
protein, following its precipitation by La, showed undiminished activity 
The evidence, submitted in the experimental part (compaie, e g , Table II), 
favors, in fact, the assumption that the inhibition of the tluomboplastic 
efiect by rare caith salts derives fiom their reaction with prothrombin 
It is possible, though not likely, that this has to do wnth the displacement 
of the calcium ions necessaiy foi the formation of thiombm 

The onlj non-metalhc compound that showed a very appreciable mhibit- 
ing effect was sodium desoxycholate The action of this substance on the 
thromboplastic protein has been discussed in the preceding publication 
(17) 

' It must, ho^\ove^, be understood that, because of the varying degiees of basicitj 
and li3drol3hiB, the quantitative ev'aluation of biological metal effects meets vitl' 
great difficulties 

’ It should be mentioned that the formition of veiy insoluble nucleic acid salts 
does not onlj pertain, as would be expected, to other tervmlent cations of the same 
group, such as scandium iiid jttrium, but also to the tervalent complex cation 
(Co(\Il 3 )«) * There is, howev'cr, one important difference which might acquire 
inttrc'-t where IS the rare eirtlis also precipitate nucleotides the luteo salt liexam 
mine tobaltic chloride docs not do so 
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EXPERIMEVr\L 

Material 

The fibrinogen used in these studies was prepared from human plasma m 
the Department of Physical Chemistry, Harvard Medical School, and 
placed at our disposal through the kindness of Dr J T Edsall It was ob- 
tained as a dry pon der contaimng about 46 per cent of fibnnogen, 16 pei 
cent of other plasma proteins, and 38 per cent of sodium citrate Aqueous 
solutions of this pon der v ere used in the experiments 
The prothrombin used v as prepared from beef plasma m the laboratories 
of Parke, Da%us and Companj^ Detroit, and furmshed to us by Dr W H 
Seegers, now of Wayne Umversity We wish to thank Dr Seegers for this 
preparation nhich nas obtamed as a dry ponder contammg 2000 umts per 
mg ofmtrogen 

Two preparations of the thrornboplastic protein of beef lung were employed 
in the present work One has been referred to m the precedmg paper (17) , 
the other, similarly prepared, had a shghtly higher activity and contamed 
N 8 0, P 1 7 per cent 

The vanous compounds tested for inhibitoi action were commercial prep- 
arations with the exception of the following substances which were pre- 
pared in this laboratory" Scandium chloride, ScCh, was made from scan- 
dium oxalate^ (calculated for ScaCcOu SHiO, Sc 20 3 , found, Sc 20 4) via the 
oxide ScjOj Yttrium acetate, Y(C 2 H 302)3 4H-0, was prepared from the 
commercial oxide Y^Os via the hydroxide Y(OH) 3 , which was precipitated 
with ammoma m the presence of ammomum tartrate m order to exclude 
the cerium earths (18) The luteo salt, hexammine cobalt chloride 
(Co(NH 3 ) 6 )Cl 3 , was piepared from CoCljby oxidation with an ammoniacal 
silver chloride solution (191, the purpureo salt, chloropentammine coball 
chloride (Co(NH 3 ) 6 Cl)Cl 2 , wms made from C0CO3 by the method of Sorensen 
(20) (compare also (21)) The acetyl acetone complex of lanthanum, 
La(C6Hv02)3, w as obtamed from lanthanum mtrate (22, 23) 

The buffers used w"ere veronal buffers (24) and 0 1 xi acetate buffers with 
the pH values mdicated m Tables I and II 

Assay Methods 

Antithromboplaslic Effect {Method A ) — Mixture 1 contained 0 5 cc of a 
0 04 per cent solution of the thrornboplastic protem and 0 5 cc of a 0 05 11 
solution of the inhibitor in buffer and was kept for 30 mmutes at room 
temperature Of those metal salts that proved inhibitmg, serial dilutions 

* We are greatly indebted to Dr S H Hutner, Haskins Laboratones, New York, 
for this compound 
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of the 0 05 M solution (0 005 i\i, etc ) were lilieunse tested In Mnlure 2, 
0 1 cc of a 0 1 pel cent piothiombin solution in buffer, which was made 6 
mw with respect to calcium nitiate, was added to 0 1 cc of hlixtuie 1 , and 
the solution Mas kept foi 20 minutes at loom tempeiature ]\h^^ureS, 
employed m the clotting tests earned out at 30°, Avas obtained by adding 
0 2 cc of a 1 4 pel cent® fibimogen solution (pH 6 45) to 0 03 cc of Mixture 
2 WithO 05 jM inhibitor solutions, Mixtuie 1, theiefoie, contained in 1 cc 
200 7 of the thromboplastic piotem and 25 micromoles of the inliibitor, 
Mixture 2, 100 7 of the thiomboplastic piotem, 500 7 of piotluombin, 125 
micromoles of the inliibitoi, and 3 micromoles of calcium 

The solutions m eie all freshly piepaied and never stored for more than a 
fen hours at 0 ° The control experiments, earned out each day with the 
omission of the inhibitor , gave clotting times of 15 to 20 seconds 
hluch attention m as paid to the maintenance of a constant hj'’drogen ion 
concentiation dunng the inhibition experiments As wnll be seen in Table 
I, the pll values of the solutions of the metal salts as w'eU as those of the 
inhibitoi-tliioinboplastic piotem mixtures (Mixture 1) have been recorded 
In many cases the pH of Mixtuie 2 , which never difteied much from that of 
Mixture 1 , and of Mixture 3, vhich vas found to be around pH 6 2 to 04, 
w as also deteimmed 

Anlilhombxc Efecl (Mclhod B) — ^A mixture of 0 1 cc of a 0 1 pei cent 
piothiombin silution (6 mM vith lespect to calcium nitiate) and of 0 1 cc 
of a 0 02 per cent solution of the thiomboplastic piotem ivas kept for 20 
minutes at room tempeiature For the clotting tests (at 30°), 0 03 cc 
of this solution M as mixed m ith 0 03 cc of tlie 0 05 lu inhibitor solution, and 
0 2 cc of a 1 4 pel cent fibi inogen solution m as added The effects are 
dcsci ibed in Table I 

Influence of Vanous Agents on Thi ombo'plaslic Effect 

The following substances were without effect on the thiomboplastic pro- 
tein when tested m 0 05 m solution in veronal buffer bj'’ assay Method A 
‘'oduim aiscmtc (pll 8 3), sodium cyanide, sodium fluoiidc, sodium azide, 
sodium lochite, sodium persulfate, iodine (m KI), hydi oxylammc (pTIIO 
to 7 4) 

The oiih substance that wa& tound inhibiting, apart fiom the metal 
salts lifted 111 Tabic I, was sodium desoxycholatc MOien tested m iTional 
buffer (pH 7 o) by Method A, the results wmie as follows 0 05 w ++'1'! 
0 017 u ++, 0 006 M ±, 0 002 m — No antithiombic effect wms obserxcd 
(Alcthocl B) 


- This fiRiirc i*- 1) I'lUl on tlio ninounl of poaKul iblc fibnnogcii present in the protein 
pow cler 
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Table I 


Inhtbtiion of Thromhoplasltc Effect by Metals 


Group 

No ID 

periodic 

sjatem 

Cation* 

Buffer 

plTof inhibitor 
solution 

fc- S 

3 

^ 1 £ a 

c c c. 

EeSi 

0 £ 

c. 

6 

V 

Mola 

OOj 

m\t 

Inhil 
rit> oF m 
u 

0 005 
ran 

sitionf 
hibitor s 

0 0005 
ran 

olution 

0 0001 
ran 

I 

Cu-^ 

Veetate 

6 0 

6 3 

A 

+ d — f- 

+++ 

+++ 







B 


— 




Ag+ 


G 2 

G 2 

A 

+++ 

+-1-+ 

++ 

— 






B 

ziz 




II 

Zn'-" 


G 9 

6 2 

A 

+++ 










B 

— 





Cd"^ 

Veronal 

7 0 

7 0 

4. 

+++ 


— 







B 

— 




III 

Sc++»- 

Acetate 

6 6 

6 5 

A 


+++ 


+-^+ 






B 

— 





Y+++ 

Veronal 

5 9 

5 S 

A 

H — 1 — h 


d — 1 — t- 







B 

— 





La'*^+ 

Acetate 

6 3 

6 2 

A 

++ + 


+ + + 








B 

— 





Xd+++ 

tt 

5 8 

G 0 

A 

+++ 


+ 







B 

— 





Ti-.. 

t( 

70 

6 3 

A 

_ 




IV 

Ce++^ 

ti 

7 3t 

G 4 

A 

+++ 

+++ 

± 

— 






B 

± 

— 




Pb++ 

ti 

6 6 

6 6 

A 

+-+ 


+ 








B 

— 





Th-*-^ 

it 

6 7t 

6 0 

4. 

+++ 

+-^+ 

— 



* 




B 


± 




VI 

Cr+'^ 

tt 

G GJ 

6 4 

A 

+++ 


— 



+++ 




B 

— 





U+++ 

it 

5 9t 

6 1 

A 

+++ 


+ + + 

— 






B 

± 




VII 

Mn-^ 

\ eronal 

G 6 

6 6 

\ 

_ 




vin 

00 ^+ 

tt 

7 0 

6 8 

f I 

++-L 








1 


B 







(Co(XH)e)^ 

i t 

72 

6 9 

A 

± 










B 







(Co (XH j) 5C} ) 


G 8 

6 7 

A 

-§ 





* The metals of Group I ere tested as the acetates, those of Groups VII and VIII 
as the chlondes Cd, Y, La, Pb were acetates, /n. Sc, Xd, Ce were chlorides, Tli 
and Cr were nitrates T1 was tested as thallous formate, L as uranjl acetate 
t See the e\penmental part for a description of the methods of assaj Inhibition 
IS classified as follows +++ no clot within ISO seconds, — clot between 120 and 
SO seconds, + clot between 60 and 120 seconds, i clot between 30 and 60 seconds, 
no inhibition (clotting time as in the control) 

t These solutions were not entirel3 stable and deposited a precipitate 
§ Because of the limited solubilita of this complex, a 0 01 m solution w as emploj ed 
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INHIBITION OF THROMBOPLASTIC EFFECT 


Attem-pts at Reversal of Metal Inlnbihon 

Copper — A mixture of 1 cc of a 0 1 m solution of cupric acetate and 1 cc 
of a 0 08 per cent solution of the thromboplastic protein (acetate buffer, pH 
6 0) was kept at room temperature for 30 minutes To 0 4 cc aliquots of 
this solution 0 4 cc portions of either acetate buffer, 0 1 m sodium cyanide, 
or 0 12 M sodium cyanide weie added and each of the tliree mixtures iias 
permitted to act on a 0 1 pei cent prothiombm solution (in the presence of 
calcium), as desciibed above The copper effect was not annulled by 
NaCN, the inhibition corresponded to + + + (compare Table I) 

Silvei — ^When 0 08 cc of a 0 4 m sodium chloride solution was added to 
0 8 cc of a mixtuie of equal parts of 0 05 m silvei acetate and 0 04 per cent 
tluomboplastic protein (acetate buffer, pH 6 2), following incubation for 
30 minutes, the inliibition of thrombin formation was decreased from +++ 
to + (observed clotting times 64 and 69 seconds) 

Lanthanum — ^The inhibition of a 0 05 m lanthanum acetate solution (see 
Table I) was not reversed by the addition of 4 equivalents of acetjdacetone 
to the inlubitoi -thromboplastic protein mixture Acetylacetone itself was 
without effect on the clotting time The preformed lanthanum-acetyl- 
acetone complex, employed as a suspension in buffer, was found mliibiting 
It should be mentioned that the usual -f-l-+ inhibition was observed 
when the thromboplastic protein, lanthanum acetate, prothrombin,' and 
calcium nitrate were incubated togethei instead of in two steps, as is nor- 
mally done 

Influence of Large Excesses of Clotting Agents on Lanthanum Inhibition 

The studies described so far vveie earned out vvnth constant amounts of 
thromboplastic piotein and prothiombm It appealed of interest to study 
the influence of laige excesses of these agents on the inhibitory effect of 
lanthanum acetate vvdiich v\ as employed m a flxed, very low concentration 
The results, giv^en m Table II, show that the inlubition could be only par- 
tially reversed by an excess of tluomboplastic protein (Expeiiments 3 and 
4), but completely abolished by a laige quantity of piothrombm (Experi- 
ment 5) 


Study of Lanthanum Effect 

A freshly made solution of the purified thromboplastic protein of beef 
lung (25) m borate buffer of pH 8 3 was subjected to centi ifugation at 
31,000a for 2 hours and the pellets w'ere taken up in 0 1 m acetate buffer of 
pH 6 3 to yield an approximately 0 35 per cent solution One 15 cc aliquot 
served as control To anothei 15 cc portion 5 cc of a 0 05 M solution of 
lanthanum acetate m 0 1 m acetate buffer (pH 6 3) were added, whereupon 
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an almost immediate fine precipitation occurred Both nurtures ■were 
centrifuged for 30 mmutes at 5000g The supernatant from the control 
experiment "a as strongly opalescent,® whereas that of the preparation 
treated mth La w as clear 

The sediment obtained m the presence of lanthanum was washed at 
5000g with acetate buffer contaimng 0 1 per cent of lanthanum acetate and 
several times with distilled w ater Its aqueous supension w as frozen and 
eiaporated in a xacuum, when 50 9 mg of a colorless felt were obtained 
It contamed IC 6 8, P 1 5 per cent, the lipide-free residue (compare (17)) 
amounted to 44 per cent of the total The supernatant of this fraction, 
dialj zed and concentrated m the usual manner, yielded no w eighable re- 
sidue 


Table II 


Influence of Large Excesses of Clotting Agents on Lanthanum Inhibition 


Eiperimcnt Iso 

Composition of inhibition mixture * per cc 

Clotting tune 

Thromboplastic j 
protein ] 

Lanthanum 

aceuie 

Prothrombin 

Calcium 

nitrate 


1 

7 i 

fncraircle 

r 

mterotrotes 

sec 

1 

100 

0 

500 

3 

16 

2 

100 

0 125 

500 

3 

63 

3 

200 

0 125 

500 

3 

50 

4 

1000 

0 125 

500 

3 ‘ 

29 

5 

100 

0 125 

5000 

3 

12 


* Acetate buffer (0 1 m) scr\ ed as the eo1\ ent, the pH of the experiments was 6 1 
For the clotting time detcimmations, 0 2 cc of a 1 4 per cent fibrinogen solution 
vas added to 0 03 cc of the inhibition mixtures, follownng their incubation for 30 
minutes at room temperature 


The supernatant of the control e'qieriment (with the omission of lan- 
thanum), on the other hand, yielded 34 mg of unchanged thromboplastic 
protein contaimng N 7 0, P 1 4 per cent 
The thromboplastic actmties of both fractions, assayed as described m 
the precedmg paper (17), were found very similar The clottmg times (m 
seconds) for decreasing amounts of the fraction precipitated by lanthanum 
were as follows 100 y, 63, 10 y, 85, 1 y, 150 The correspondmg figures 
for the preparation recovered in the control experiment were as follows 
100 7, 61 , 10 7 , 96 , 1 7 , 170 The fraction precipitated by La could still be 
inhibited by lanthanum acetate when tested in the regular manner 

' At pH 6 3 some thromboplastic protein sedimented at SOOOg, probably because of 
aggregation This has usuallj not been observed at higher pH i alues 
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inhibition of TfiROMBOPLASTlC EFFECT 


SUmiABY 

The mhibition of the thiomboplastic effect has been studied The ter- 
valent cations scandium, yttiium, and lanthanum have been shown to be 
the most potent inhibitois Sodium deso\ycholate also had a veiy appre 
ciable activity The mechamsm of the inhibition is discussed 
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STEROIDS DERIVED FROM BILE ACIDS 

VI AN niPRO'^ED SYNTHESIS OF iMETHYL 3,9 EPOXY-A” CHOLENATE 
FROM DESOXTl cholic ACID* 

By BERNARD F McICENZIE, \TSRNON R j\L^lTTOX, LEWIS L ENGEL, 
AND EDWARD C KENDALL 

{From the Diitston of Biochemistry, Mayo Foundation, Rochester, Minnesota) 
(Received for publication, November 22, 1947) 

A method has been described for the preparation of 3(a)-hydroxj''-ll- 
ketocholanic acid m nhich methjd 3,9-epo\7'-A’'-cholenate is an essential 
intermediate (1) The steps from desoxychohc acid througli the 12'ben- 
zoate and the A“-choIenic acid are shonm in the left column of Fig 1 

Two of the steps in this series of leactions aie not satisfactory for large 
scale production (1) The introduction of a double bond at C 11 -C 12 through 
pyrolysis of the 12-benzoate leaves much to be desired in respect to both the 
labor required and the yield (2) Conversion of 3(ci:)-hydi o\y-ll , 12-dibro- 
mocholanic acid to 3 (q:) ,12-dihydioxy-A® ’’-diolemc acid is readily accom- 
plished but the jneld is poor An unproved method for the sjmthesis of 
methyl 3,9-epoxy-A“-cholenate has now been found which ehminates both 
of these unsatisfactory steps The procedure is outhned in the column on 
the right side of Fig 1 

Commercial desoxychohc acid was pai tially pui ified by thorough extrac- 
tion wnth boihng benzene^ and subsequent crystallization fiom acetone- 
water, 4 1 It was then esterified at loom tempeiatuie m methanol m the 
presence of 0 1 n hj'^di ochloi ic acid and the ester w as treated in benzene with 
benzoyl chloride and pjTidine to obtain methyl 3-benzoyldesoxycholate 

The 12-hydroxjd group of methyl 3-benzoy]deso\ycholate wns oxidized 
to a ketone mth chromic acid m a mixture of clilorobenzene-acetic acid, 
4 1, to obtain methyl 3(a) benzoxy-12-ketocholanate (II) ^ 

The double bond iias introduced into Ring C mth selenium dioxide 
Schwenk and Stahl (3) first observed that this leagent would form the 
A^ compound from methyl 3(a)-acetoxy-12-ketocholanate A detailed 
study in this laboiatory of the dehj’-di ogenation of methyl 3(a)-benzoxy-12- 
ketocholanate w ith selemum dioxide m chlorobenzene and acetic acid (4 1) 
as the solvent has been carried out The influence of time and a small 

*This work was supported m part by a grant from the Research Corporation, 
New York 

* Extraction of fatty acid w ith benzene has been found effective and more con- 
venient than w ith \jlcne, w hich has been used by White (2) 

- The roman numerals refer to the structural formulas in Fig 1 

271 



272 


STEROIDS FROM BILE ACIDS VI 


amount of liA^drogen chloride on the 3 ’'ield of the unsatiuated compound is 
bhovn m Table I Refluxing for 24 hours without hydiogen chlonde and 
for 72 hours v ith 0 0006 N hydi ogen cliloride gave respectively 67 and 84 per 
cent of 3(o:)-h3"dio\y-12-Iceto-A'’- “-cholemc acid 
Seebeck and Reichstem (4) have shown that 3(Q;)-hydio\y-12-keto-A® 
cholenic acid does not depress the melting point of 3(Q:)-hydroxy-12-keto 

Table I 


Physical Constants of Samples of S(o’)-Hydroxy-]2-keto-A^ '^^-cholentc Acid and Ester 
Prepared with Selenium Dioxide in Chlorobenzene-Acctic Acid {4 1) 


Simple 

l\o 

Hrs 

HCl in 
acelicacid 

0 2-14 N 

Mp 

\Vc\ght* 

r, 

X = 240 

Yield 

Per cent 
o£a» 

Per cent jield 
ol A* " 



CC 

“C 

sm 


per 

cent 




lA 

24 

0 

173 0-173 5 

32 60 

8,950 

84 

0 

76 0 

63 9) 

67 

IB 



lOS 5-169 5 

2 10 


5 

4 

64 5 

3 5j 

2\ 



173 5-174 5 

25 00 

9,350 

64 

4 

79 5 

51 2 


2B 

24 

1 0 

171 0-172 0 

7 71 

nra a 

19 

S 

73 5 

14 0 

|c9 

20 



109 0-170 5 

1 87 


4 

S 

06 6 

3 2 


3A 

18 

0 

170 0-177 0 

29 50 

m 

76 

0 

87 5 

66 51 


3B 



170 0-177 0 

4 50 

■Mg n 

11 

6 

87 0 

10 1 

4A 

48 

1 0 

170 0-170 5 

35 30 

ImQ9 

90 

9 

91 4 

S3 11 

f84 

4B 



173 0-174 0 

0 50 

■rag 9 

1 

3 

77 0 

1 01 
00 o‘ 

•i'V 

IS 

2 0 

176 0-177 0 

26 21 

nnR9 

07 

5 

SS 7 


5B 



175 0-176 0 

6 70 

BIQ9 

17 

3 

82 1 

14 3 

■78 

oC 



171 5-172 5 

1 21 

^rag 9 

3 

1 

76 5 

2 4 

.iD 



IGS 0-109 5 

0 95 

9 

2 

4 

68 5 

16^ 
50 1 


(S\ 

72 

1 0 

177 0-17S 0 

23 37 

RH 9 

00 

0 

93 6 


GB 



170 0-177 0 

S 3S 

■^g 9 

21 

0 

91 5 

19 7 


CC 



170 0-177 0 

2 43 

■Mg 9 

0 

2 

90 4 

5 0 

S-1 

CD 



161 O-IOS 0 

0 79 

■rag 9 

2 

0 

84 5 

1 7 


OE 



101 0-167 0 

0 39 

^^R9 

1 

0 

69 6 

0 7J 


"T 



ISO O-ISO 5 


Rjn 9 






St 



119 5-120 0 


iim 







* 0 1 mole of methyl 3(a)-benzo\y-12-kctocholanate was used in each o\perimcn( 
The theoretical Meld of the unsatuiatcd acid is 3S 8 gin 

t Punficd 63 cr3 stallization of the sodium salt from normal sodium hydroxide 
f Ester prepared from Sample 7 

cholanic acid and that the melting point of a mixture of the methyl esters 
of these tv 0 acids is not depressed below that of the lov ei melting compo- 
nent There is a iclationship between the melting point and the extinction 
coeflicient of mixtures of the two acids which is a rough indication of purity 
A product with melting point of 175° contains approvmately 80 per cent 
of the acid with double bond Co-Cn, a sample wuth a melting point of 172 
w ould contam approximately 72 per cent of the A° derivative 
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When the double bond is introduced at Ca-Cu by dehydrogenation vnth 
selenium dioxide, the product contains selemmn, nhich must be removed 



Fio 1 Original fleft) and improved (right) methods of preparation of methyl 
3,9 epovy-A” cholenate from desoxycbolic acid 

to penmt reduction of the carbonyl group m methyl 3(a)-hydroxy-12-keto- 
“-cholenate (III) mth hydrogen and platinum To devise a satisfactory 
method for the removal of selemum required prolonged mvestigation 
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After formation of the unsaturated keto compound noth selemum diovtde, 
hydiolysis vith alkali gave an aqueous solution of the sodium salt vhich 
vas tieated iiith zinc dust, Raney’s alloy, coppei citiate, hydiogon peio\ 
ide, 01 othei leagents, but no one'of these attempts was successful Inaa 
acetic acid solution lefluxuig with silvei oi coppei acetate oi tieatnientinth 
activated caibon failed to lemove selenium Puiification bj’' separation of 
the sodium salt, which is but slightlj’^ soluble in cold noimal sodium hj^drov 
idc, is possible but the filti ation is slou 

It vas eventually found, howevei, that, aftei sepai ation of the greater 
pait of the selemum by filti ation, tieatment of the chloiobenzeiie acetic 
acid solution with a concentiated aqueous solution of chiomic acid modified 
the selenium and decomposition pioducts and lesulted m lemoval of the 
selenium fiom the chloiobenzene phase ^ The acetic acid, chromic acid, 
and chiomium salts weie washed out of the chloiobenzene with water, and 
aftei lenioval of the solvent the lesidue was hydiolyzed in methanol \ntli 
alkali and the 3(a)-hydio\3’’-12-keto-A® ^^-cholemc acid was precipitated 
fiom aqueous solution with dilute acetic acid The bulk of the acid 
ciystallized fiom cold SO pei cent acetone and the last poitions fiom anlij 
di ous acetone ^ 

Conveision of the 12-ketone of methyl 3(a)-h3'’dio\y-12-keto-A'‘ ^'-cho 
lenato to a h 3 ^di o\ 3 d gt oup can be accomplished by i eduction with ahimiiuini 
isopiopoxide in isopiopyl alcohol oi with magnesium in methanol, but the 
most satisfacloiy method uas found to be iiith h 3 ’-diogen and Adams’ 
platinum catah'st In a solution of cthanol-acetic acid, 1 1, i eduction of 
the 12-ketono t o a h 3 Th oxyl gi oup v as almost quantitative Detei minatioii 
of absoiption in nltiaviolct liglit indicated tlie piesence of less than 2 pci 
cent of the unsatuiated ketone 

A mivfuie of epimeiic 12-h3dio\v compounds uas foimed dm mg the 

’ Chtoinic itid ^\as used m llie hope that small amounts of organic selenium com 
pounds uould be oxidized and that this would facilitate thou leiiioval For this 
purpose chromic acid piovod to be effective but in addition a stiong influence luis 
exerted on the phjsical state of the selenium which was piescnt in colloichl form 
1 he conccntuitcd aqueous solution of chromic acid not only caused the separation of 
two phases but also brought about oxidation of a small amount of material whicli 
sc () irafcd m iiisoluiile form These effects appaientlj' supplied an ictivo surface (or 
(lie adsorption of the sih mum Onij tiaecs of selenium icmained in the ctilorobL'u 
zenc phnsi 

* This uns itui itcd 12 kelo icid has also lieon piep iied fiom nictlnl 3(a) acetosj 
12 ketoehol iinti h^ brommation at C,, uid subsequent dehydiohroniination with 
t ither p\ t idinc oi c oliidinc oi w ith sodium ethylate, but the ovet all j ichh w erclowi r 
thin that olit lined with selenium dioxide (5-7) 

= The cataljtn hjdrogcnation of methjl 3(a)-hydioxy-12-kcto ” eholen iR 

will be discussed in Paper V III Formation of the 12-chloio and 12 mclhoxj com 
pounds will be discussed in Piper IX 
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reduction but treatment a\ ith 1 n hj'drogen cldoride m 84 per cent methanol 
and 16 per cent iiatei gave only the 12-metho\y compound, already de- 
scribed (8) , in excellent yield Tins w as converted into the 1 2-chloro deriv- 
atu e and thence into methyl 3 ,9-epovs'-A”-cholenate (9) 

Tabie II 

Yields of Iniermcdmlc Compounds in PrepoTahon of Methyl S, 9-Epoxy td^-cholenale 

from Dcsoxychohc Acid 


* The j leld of methj 1 clcsoxj cholate and of the 3 benzoyl dern ative depends on 
the qualitj of the commercial dcsoxychohc acid a%ailahlo With highlj purified 
matenal the J^cIds are almost quantitative With less pure desoxj cholic acid, since 
the cstcnfication is reversible, the mother liquors can be hjdrolvzed and the re 
covered bile acid further purified and rcestenfied 

Table III 

1 iWds of Intermediate Compounds in Preparation of 5(a) Hydroxy 11 1 etocholanic 
Acid from Methyl 3 9 JSpoxy-A" cholcnale 

Yield 
per cent 

75-77 
92-94 
95-97 
87-89 
90-93 
95-97 

• The jicld of methil 3,9 cpo\> 11 12 dibromocholanate, m p 143°, is based on 
the theoretical jield from the stalling niateru.!, mcthjl 8,9 epoxj A" cbolenate 
The j leld of each intermediate is based on the theoretical i\ eight from the preceding 
compound 

It IS a matter of some interest to note the higli juelds of the several mter- 
mediate compounds v hich have been described These are shov n in Table 
II The yield of methyl 3,9-epoxy-A“-cholenate (IT) uas about 60 per 
cent based on methyl desoxycholate The jueld of IT prepared by the 


Compound 

Methyl 3,9 epox> -11,12 dibiomocholanale, mp 143“* 
“ 3,9 epo\\-ll keto 12 bromocbolanate 

" 3,9 epoxj -II ketocholanatc 

“ 3(a) hjdroxj 11 keto 12 bromocholanate 

“ 3(a) hjdroxj 11 kclocholanate 

3(a) Hjdroxj -11 ketocholanic acid 


Compound 


Methyl dcsoxx cholate* 

“ 3 benzoj Idcsoxj cholate* 

" 3(a)-benzo\j 12 ketocholanate 

3(a)-Hydrox-y 12 keto A® " cholcnic acid 
Mcthjl 3(a)-hxdroxj -12 keto A’ " cholenatc 
“ 3(a)-h\droxj-12 inethoxj A’ cholenate 

“ 3,9 epoxj-A“ cholcnate 
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original method (Fig 1) through 3(a)-hydroxy-A”-cholenic acid and conver- 
sion of the 11,12-dibromide to 3(a) ,12-diliydro\y-A®’ “-cholemc acid vas 
less than 10 per cent In addition, Table III shows the yields foi the steps 
which mclude introduction of o\ygen at Cn 

EXPERIMENTAL 

All melting pomts weie detei mined on the Fisher- Jolins apparatus 

Desoxycholic Acid — ^Treatment of crude desoxychohc acid with 6 volumes 
of benzene boiled under a reflux foi 24 hours, followed by filtration and 
repetition for a second 24 hours, lemoved piactically all fatty acids This 
fraction vaiied from 3 to 8 per cent and consisted prmcipally of palmitic 
acid Digestion undei a leflux with hot acetone-water, 4 1, foi several 
hours in the proportion of 1 kilo of the bile acid to 6 liters of aqueous acetone 
dissolved all of the acid The solution was cooled to 0° and filtered 
About two-thuds of the starting material separated, which melted at 176- 
177° Reel ystalhzation fiom methyl ethyl ketone increased the meltmg 
point to 177-178° (10) Concentration of the mother liquor and lecr^'stnl- 
hzation yielded moie mateiial with a melting point of 176-177° 

Melhyl Desoxycholale — 1200 gm of purified desoxycholic acid were dis- 
solved m 3 6 liters of methanol and 40 cc of concentrated hydiochloiicacid 
weie added After 3 houis at room temper atuie the solution was cooled 
to 5° and the following day the estei was removed by filtration After 
addition of 40 gm of sodium bicarbonate the methanol was concentiated 
undei reduced pressure and tliiee more crops of crystals iveie obtained 
The total weight vas 1250 gm Dane and Biady (11) have reported, and 
we have confirmed, that the ester sepaiates from solution combined with 
0 5 molecule of methanol of crystallization Tire melting point of this 
ester vith methanol of ciystallization is not a satisfactoiy ciiterion 
of purity Although the crystals paitially melt at 82-83°, examination m 
polaiized light reveals the presence of ciystalline mateiial even wlien tlic 
tempciature is laised slovly to 100° 

Melhyl 8-Benzoijldesoi ycholate — 1688 gm (4 moles) of methyl desoxy- 
cholatc vhicli contained 0 5 molecule of methanol weie dissolved in 3400 
cc of benzene vliich had been puiified by tieatment mth concentiated 
sulfuiic acid and distilled ovei sodium hydroxide To lemove methanol 
the benzene was ciapoiated undei i educed pressure and the volume was 
made to 52C0 cc with benzene After addition of 400 cc of pyridine the 
solution was cooled to 20-25° and vigorously stirred 467 cc of benzoyl 
chloride w ere added in 50 cc portions and the temperature w'as held be- 
tween 20-25° iVfter 2 hours at room temperature the benzene solution 
w as w ashed w ith w ater, w itli dilute hydi ochloric acid, and again with water 
After concentration of the benzene solution to a small volume the residue 
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w as dissolved in 2 litei s of methanol mth the aid of heat The product was 
separated 18 hours after the solution had been cooled to 0° Concentration 
of the mother liquoi gave successive crops v ith a total weight of 1820 gm 

1 gm of methyl 3-benzoyldeso\5’’cholate was dissolved m 35 cc of dry 
ether HOien the solution was concentrated, 0 880 gm of the estei separa- 
ted combmed ivith 0 5 molecule of ether, m p 93-94:° 

Analysis^ — C, 0 5(C lb) 0 Calculated C 74 75, H 9 40 

Found “ 74 35, “ 9 40 

The ether of crystallization is firmly held at loom temperature When 
dried at 100° and 0 1 mm , 5 5000 gm of crystals lost 0 3760 gm The 
loss calculated for 0 5 molecule of ether was 0 3720 gm 

‘i.nalysis' — Cj H«Os Calculated, C 75 25, H 9 08, found, C 75 11, H 9 26 

Methyl 3-benzoyldeso\ycholate sepaiated from methanol with 0 5 mole- 
cule of methanol of crystallization, which was rapidly lost when dried at 
room temperature When heated slowly, the methanol was gradually lost 
and the meltmg pomt v as 110-111°, if heated rapidly, the meltmg pomt was 
83-84° with effervescence 

Methyl S{a)-Bemoxy-l^-lelocholanate — 1986 gm of methyl 3-benzoyl- 
desoxycholate with methanol of crystalhzation were dissolved m 2200 cc 
of chlorobenzene which was then removed under reduced pressme 2200 
cc of chlorobenzene veie added and again removed The residue was 
dissolved in 7300 cc of chlorobenzene and 1800 cc of acetic acid The 
solution was stirred mechanically and cooled to 20-25° 366 gm of chromic 

acid in 366 cc of watei vere added m portions After 1 hour 220 cc of 
concentrated sulfuric acid were added and the solution was vigorously 
stirred for 1 hour at 20-25° The orgamc phase v as washed with 18 hters 
of water which contamed 200 cc of concentrated hydrochloric acid, smee 
this was found to prevent formation of a persistent emulsion After four 
washings mth water the chlorobenzene solution was dried with sodium sul- 
fate, filtered through infusorial earth, and concentrated to a small volume 
The flask was v armed and 6 hters of methanol were added The solution 
Mas cooled to 5° and allowed to stand for several hours Three crops were 
separated 1679 gm , m p 128 5-129° , 162 gm , m p 127-127 5° , 9 gm , m p 
123-124° 

For analysis’ a sample was dried at 110° and 0 1 mm for 4 hours 
CujH^Os Calculated, C 75 60, H S 66, found, C 75 86, H 8 87 

' Analyses by Merck and Company, Inc , Rahway, New Jersey 

’ Analysis by Dr A J Haagen-Smit, William G Kerckhoff Laboratories, Cali- 
fotma Institute of Technology, Pasadena, Califorma 


27S 


STEROIDS FROM BILE ACIDS VI 


3{a)-Hyd’)o%y-12-keto-A^ ^^-cholemc Acid — 508 gm of methj'l 3(a)-benz- 
o\y-12-ketofholanate A\eie dissolved m 3560 cc of clilorobenzene-acetic 
acid, 4 1 130 gni of selenium dioxide and 2 cc of 1 22 n hydiogen clilonde 

in acetic acid u ei e added and the solution Avas i efluxed for 72 hours Three 
solutions piepaied as desciibed ueie combined, the selemum vas lemoied 
b}^ filtiation, 150 gm of chiomic acid m 150 cc of ivatei ueie added to the 
filtiatc, and the solution vas stiiied Augoiously foi 2 houis The cliloro- 
benzene solution Avas decanted and again stiiied foi 2 houis AAUth 75 gm of 
chromic acid in 75 cc of AA'atei The oiganic phase AA'as sepaiated and 
AA ashed foui times a\ ith 8 htei s of AA'^atei The chloi obenzene aa as lemoiTd 
under i educed piessuie and the lesidue AA'as dissolved in 4 hteis of methanol 
AAliich contained 400 cc of 18 N sodium lij’^di oxide The estei aa as hy- 
drolyzed foi 2 houis AAithout the aid of heat, and AAmtei AAas added to dis- 
soWe the sodium salt AAhich had separated The solution Avas fieed of 
methanol and the last traces of chloi obenzene undei i educed pressure 
The aqueous solution of the sodium salt aa as divided into tAVo equal parts 

4 5 hteis of AAatei AA'eie heated to 100° m a 12 litei flask Autli a 
rapid stream of steam 250 cC of acetic acid and a feiA" ci3’’stals of 3(a)- 
hydioxy-12-keto-A^' "-cholenic acid AA^ere added and, AAhile the solution A\as 
vigoiouslj^ agitated AAuth steam, one-half of the aqueous solution of 
the sodium salt Aims sloAAdy added The acid sepaiated as avolummous 
mass of needles and the suspension AAas mamtained at 100° foi 30 mmutes 
The second half AA'as treated m the same manner The flasks Avere cooled 
and the piecipitate AAas filtered, AA'ashed, and dried to constant Aveight (1091 
gm ) The acid AAas then dissolved in acetone-AA'atei , 4 1 This step le 
qiiiied leflux-ing for 1 to 2 hours AAith a volume of aqueous acetone equal to 
tAAice the AA eight of the crude acid After cooling, 906 gm of acid aacic 
separated b}' filtration A second crop of 149 gm and a third crop of 27 
gm separated Avhen the solution AAas concentiated ® 

63 gm of 3(Q;)-hj’-dioxy-12-keto-A®- “-cholenic acid, m p 178-179°, aacic 
dissoh'cd m 500 cc of hot nor mal sodium hydi oxide and 50 cc of methanol 
The sodium salt AAas alloAAed to sepaiate sIoaaIy at room tempeiatiiie and 
the solution AAas held at 0° foi 18 hours Filtiation lemoA'ed a small 
amount of color and Aielded the sodium salt, aaIucIi aaus aaoII AA'ashed aaiOi 
X sodium h} dioxide at 5° and then dissoKed in 500 cc of AAatei and pieci- 
pitatcd liA addition to a hot dilute solution of acetic acid as described 

® Xo condition h is been found for scpaiation bA' crystallization of 3(o)-l>y<ti‘^''' 
12-kc(oihobinic and from 3{rt) lijdro\j-12-keto-A’ "-cholenic acid For separation 
of the latter and Hicks Berg ind Uallis (5) have suggested the addition of ga'i*- 
ous liAdrogen bromide to an ethereal solution, but, as will be shovn clsonhere 
(Malto\ 'McKenzie, and Kendill, unpublished data), a hcmiludrohahde is formed 
bj both adds ind no satisfacton separation is aceomplished \Ahen both icids are 
present 



'\ICKE^7IE, MATTOX, ENGEL, VNT) XENDVLL 


279 


Crj'stallization from acetoue-w atei , 4 1, gave a pioduct vlucli melted at 
180-180 5° Log E = i 070 at X = 240 m^ [«]t> = 107° db 2° (c = 1 m 
methanol) 

3lclhyl8(a)-Hydroxy-12-kelo-A^ ^^-cholenate — 7 76gm of3(a)-hvdroxj''-12- 
keto-A® “-cholemc acid, m p 180-180 5°, vere estenfied m 20 cc of meth- 
anol and 0 2 cc of concentrated aqueous h} drochlonc acid 10 cc of v ater 
contaimng 200 mg of sodium bicarbonate Mere added, the solution vas 
cooled to 5°, and 7 36 gm of crystals meltmg at 117-119° vere separated 
The ester Mas recrj stallized from a nuxture of 22 cc of ether, 3 cc of 
methanol and 22 cc of petroleum ether The melting point M'as 119 5- 
120° Log E - 4077 at X = 240 mp Mo = 107° ± 2° Cc = 1 in meth- 
anol) 

866 gm of 3(a)-hydio\j^-12-keto-A® ’‘-cholenic acid, m p 179 5-180 5°, 
M ere e'^terified in methanol as desci ibed for the estei ification of desoyimhohc 
acid The first crop ireighed 804 gm and melted at 119 5-120° Three 
more crops Mere obtained 64 gm , m p 115 5-116 5°, 15 gm, mp 
113 5-114 5°, 4 gm, mp 112 0-113 0° 

Methyl 3{a) 12-Dihydroxy-l^ ^^-cholenale — 402 gm of methjl 3(a)-hy- 
clrox3'-12-keto-A^ “-cholenate Mere dissohed m a nuxture of 600 cc of 
acetic acid and 600 cc of 95 per cent ethanol and shaken in an atmosphere 
of h 5 'drogen m the presence of 2 gm of Adams’ platmum catalyst until the 
absorption of hydrogen had ceased 94 hours m eie required and 1 00 mole 
of h 3 ’-drogen Mas utilized 

A second 402 gm portion Mas i educed xmdei the same conditions, except 
that a freshly prepared sample of platmum catah st m as used In 63 hours 
1 01 moles of hj drogen m ere absorbed 
The tM 0 solutions m ere combmed, filtered from platmum, and evaporated 
under reduced pressure until a thick s 3 Tup remamed The s 3 'Tup m as dis- 
''olved in benzene and acetic acid Mas removed mth Mater The solution 
Mas concentrated and the benzene Mas displaced Muth methanol 
Methyl 3{a)-HydTQxij-12-viethoxy-A^ ^^-cholenaie — ^The S 3 Tupy residue de- 
scribed m the preceding paragraph rvas made to 3 hters Muth methanol and 
cooled to 5° To the methanohc solution the foUoMing nuxture m as added 
390 cc of Mater, 334 cc of concentrated (37 per cent) hydrochloric acid, 
and sufficient methanol to make 1800 cc After 40 days® the cr 3 'stals m hich 
had separated m ere filtered from solution and m ashed Mith 600 cc of normal 
h3'drochlonc acid in 85 per cent methanol and m ith 8 hters of M^ater The 
M eight Mas 757 gm (90 4 per cent) and the meltmg pomt M'as 160 5-162° 
After cr3stallization fiom benzene the meltmg pomt Mas 162 5-163° The 

’ Separation of the 12 methoxy compound takes place rapidly during the first 4 
to 5 dajs The last portions, however, require long treatment under the conditions 
Mhich give the maximal yield 
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preparation by other methods and analysis of this compound have been 
desci ibed (8, 9) 

It IS somenhat moie convenient to perform the catalytic reduction in 
methanol and h 5 ’’diochloiic acid (0 05 n) 402 gm of methyl 3(a)-hy 
dioxy-12-keto-A^ “-cholenate m 1200 cc of methanol were reduced mtli 
hy’-drogen m the presence of 2 00 gm of Adams’ platinum o\ide 0 981 mole 
of hydiogen was absorbed in 12 hours Without removal of the platinum 
the solution was made 84 pei cent methanol, 16 pei cent watei , and 1 n liy- 
diochloiic acid Aftei 10 days 340 gm of the crude 12-methoxy com- 
pound V ere separated After a total of 34 days 51 gm more were obtained 

The two poitions of ci vstals weie combined and recrystalhzed from 1200 
cc of benzene The benzene in the mothei liquoi was replaced with meth- 
anol and the solution Avas concentiated to small volume The total weight 
of the 12-methoxy’’ compound, Avith a melting point of 162-163° Avas 372 gm 

Mdhyl S ,9-Epoxy-A'^'^-cholenale jiom Methyl S{a)-Hydroxy-12-mdhox]j 
A® ^^-chohnale — A solution of 41 80 gm (0 1 mole) of methyl 3(a)-hydro\7- 
12-methoxy-A® “-cholenate in 200 cc of chlorofoim Avas vigoiously stirred 
three tmies for 30 mmutes each Avith 100 cc portions of concentrated hy- 
drochloiic acid and then AAUth 500 cc of watei The mtermediate com- 
pound, methyl 3(Q:)-hydroxy-12-chloro-A® ^^-cholenate, Avas not isolated 
The chloiofoim solution was shaken Augoiously m a mechamcal shaker for 
18 houis AA’ith a solution of 50 gm of sodium bicarbonate m 500 cc of 
Avater 

The chlorofoim solution Avas concentrated under reduced pressure and 
the chloioform Avas displaced with acetone The volume Avas made to 100 
cc V ith acetone, 50 cc of Avatei AAmie added, and the solution Avas cooled to 
0° The crystals AA’hich separated Avere filtered from solution and rinsed 
AA ith cold 70 per cent acetone The AA^eight AA’as 35 63 gm (92 per cent) 
The pioduct melted at 53-54° and did not depress the melting point of 
methyl 3, 9-epo\y-A“-cholenate [ajo = -59° ± 2° (c = 1 m chloroform) 
(9) 


SUMMARY 

An impioA^ed method for the pieparation of methyl 3,9-epo\y-A“-cholen 
ate IS dcsciibed 

jMethyl 3-bcnzoyldcso\ycholate is oxidized to methyl 3 (Q:)-benzox)'-l 2 - 
kctocholanatc and a double bond is mtioduced at Co-Cn by dehydiogena- 
tion AAith selenium dioxide Hydrolysis y’lelds 3(a)-hydroxy-12-keto-A’’ "• 
cholemc acid Esteiification of the acid and i eduction of the carbonyl 
gioup giA’c methyl 3 (q:) , 12-dihydroxy-A'’ '^-cholenate Avhich is conA’crted 

The use of methinolic HCl as a solvent for reduction was devised by Dr Jacob 
A an dc Kamp m the Research Laboratories of Merck and Company, Inc 
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through the 12-methoxy compound and the 12-cliloro derivative into methyl 
3 ,9-epoxy-A“-cholenate The over-all jueld is about 60 per cent 
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STEROIDS DEEDED FROM BILE ACIDS 

VII THE PROBABLE STEREOCHEMICAL CONFIGURATION OF SOME 
DLRIVATIYES OF THE BILE ACIDS* 
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LEWIS L ENGEL, and EDWARD C KENDALL 

{From the Dimstcn of Bjocf cviislry, Mayo Fovodahon, Rochester, Minnesota) 

(Received for publication, No\ ember 22, 1947) 

Derivatives of bile acids v ith substituents m Ring C have been described 
m the preceding papers of this series (1-6) It is the purpose of this paper 
to assign the probable stereochemical configurations for these compounds 
As desoxj cholic acid (I)* is a convenient reference compound, it will first 
be necessary to discuss briefly the spatial arrangement of certain portions 
of this bile acid The most pi obable configuration of desoxychohe acid is 
3(«) ,12(o:)-dihj'-dro\wcholanic acid (7-12) 

Recent evidence for the configuration assigned to the hydroxyl group at 
Cj has been furnished by tie formation of 3,9-epoxy-A”-cholemc acid (II) 
from methyl 3(a)-hydrox>'-12-bromo-A® "-cholenate (III) and its recon- 
version to III on treatrr ent inth hydrogen bromide (4) On the basis of 
these reactions the epoxide bridge of II must he on the same side of the 
molecule as the 3-hydrox) 1 group of III 
Construction of models of these compounds mth Stuart atoms (13) has 
shown that an oxj^gen bridge from C 3 to Cg is essentially strain-free when 
m the a position,^ that is on the side opposite the angulai methyl group 
at Cio, promded that the A-B ring fusion is of the crs-decalin type No 
epoxy models can be constructed nith a tians A-B ring fusion, 01 m any 
case in nhich the oxygen atom occupies the /3 configuration For these 
reasons the 3 ,9-epoxy compound appears to be 3(a) ,9(a)-epoxy-A‘*-cholenic 
acid (II) 2 

Present cheimcal evidence indicates that the hydrogen at Cg in the bile 
acids, cortical hormones, and so forth, has the a configuration and the B-C 
ring fusion is trans (7, 15-17) Moreover, \-iay diffraction patterns are m 
agreement with this conclusion (8, 9, 18) Additional information on this 

* This work w as supported m part by a grant from the Research Corporation, 
New York 

’ The roman numerals refer to the compounds in Table I 
’ The terms a and j3 are used in the sense which is discussed by Fieser (14) 

’ Since the cpimenc 3(iS),9(^)-epo\j compound appears to be excluded on steno 
grounds, in this paper the grouping w ill be designated 3,9 epoxy except when def- 
inite conhgurations are assigned 
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point might be obtained by a further study of the physical prbperties of 
those compounds containing the 3,9-epoKy grouping, foi in these sub 
stances the a configuration at Cg is established by the oxygen bridge 
Thus, if the Cg hydrogen of desoxychohc acid occupies the a position, the 
configuration at Cg of the 3 ,9-epoxide structure is the same as that of 
desoxychohc acid On the other hand, if deso\5''chohc acid possesses 
hydrogen at Cg in the /3 arrangement, the net lesult of conveision to the 
3,9-epoxide iiould be an mveision of configuration with alteration in the 
B-C ring fusion fi om trans to cis The deformation brought about bj 
these changes can be readily demonstiated with models and should be 
susceptible of detection by physical methods This coi relation of config 
urations at Cg and Cg auaits fuither mvestigation 

The position of the hydroxyl group at C12 has been the subject of con 
sideiable controversy Caglioti and Giacomello, from the interpietntion 
of x-ray diffraction patteins, suggested the |3 configuiation (S, IS) On the 
other hand, while the eaily chemical results of Koechlm and Eeichstem (11) 
weie not conclusive, work in the laboi atones of Gallaghei and also of this 
institution indicates that the 12-hydioxyl gioup has the a configuration 
(10, 19-21) Moie lecent work of Soikm and Reichstem confirms this 
conclusion (12) With the a configuiation assumed for the hydiogen at Cj 
and foi the hj^dioxjd gioups at Cg and Cig, it is not difficult to assign the 
probable configuiations foi the compounds under discussion 

Compoimds Related to 3{a) ,12{a)-Dihydrox]jcholamc Acid (Desoxychohc 
Acid ) — It has been shovn that 3(a)-hydroxy-ll ,12-epoxycholanic acid 
(IV) made from 3(o:)-hydroxy-A"-cholenic acid with peibenzoic acid can 
be 1 educed catalytically in acetic acid m the piesence of a tiace of hydrogen 
chloride to give desoxychohc acid (1) The oxide therefore has the a con- 
figuiation ' Gallagher and Long (10) have opened the 11 , 12-oxide to form 
meth3d 3(o;)-acetoxy-ll(|3)-biomo-12(a)-hydroxycholanate (V) This con- 
figuration Mas indicated by the chemical propeities of the bromoketonc 
prepaied by oxidation of the bromohj'-di in (V) Mith chromic Jlcid The 
compound, metlyl 3(a)-acetoxy-ll(/3)-bromO'12-ketocholanate (VI), thus 
obtained lost liydi ogen bromide readity m boiling p^Tidine and yielded the 
A” “ compound Seebeck and Reichstem (17) had previouslj’’ shown that 
the same bromoketonc piepaied in anothei waj'’ Mas dehydi obi ominated 
Mith pjTidine and that 3(a)-aceto\y-ll(Q;)-bromo-12-ketocholanate did not 

< AUhcr and Rciclistem reduced the ll,12-o\ide (IV) w'lth hydrogen in the pms 
cnee of Ki and separated desoxychohc acid as the principal product (22) However, 
tliev accepted the interpretation of the \-ray diffraction patterns made by Cagliol-' 
and Giacomello (IS) and assumed that the oxide and the hydroxyl group at Cn have 
the 0 configuration In a subsequent publication the oxide is assigned thctf con 
figuration (23) 
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lose hydrogen bromide imder the same conditions The ease of dehydro- 
bromination of VI is in keepmg ith the trans arrangement for the bromme 
at Cu and the hydrogen at Co The bromme at Cu is therefore apparently 
m the jS configuration 

Bromination of 3(Q:)-h3'droxy-A”-cholenic acid yields but a single dibromo 
derivative (^TI), vhich can be separated m crystalline form (2) The con- 
figuration of the 2 atoms of bromme in VII is indicated by the follow mg 
reactions In anhj'drous boiling pjTidme 2 molecules of hydrogen bromide 
were removed and, after treatment mth diazomethane, methyl 3 ,9-epoxy- 
A“-cholenate w as isolated from the solution * This result indicates that the 
primary step v as loss of hj'drogen broimde to form 3(a:)-hj'droxy-12-bromo- 
A® “-cholemc acid which then was converted into 3 ,9-epoxy-A^^-cholemc 
acid (H) (4) 

Treatment of the 11,12-dibromide OTI) with aqueous pyridine* or a 
dilute solution of sodium hydroxide (3, 24) removed both atoms of bromme 
and formed 3(a),12-dihydroxy-A® “-cholemc acid (VIII) Because of the 
ready loss of hydrogen bromide from VII to form the 3,9-epoxy structure 
(II) in anhj'drous medium and the 3(a) ,12-dihydroxy derivative (yill) m 
aqueous solution, it seems probable that the hydrogen at Cs and me bro- 
mme at Cu are trans to each other This conclusion and the assumption 
that the atoms of bromme ha\ e added trans to each other are the basis for 
assigmng 3(o)-hydroxy-ll(^),12(a)-dibromocholanic acid as the probable 
configuration for "^TI 

Compounds Related to S{a) ,12-DthydToxy-A^ ^^-cholemc Acid — Gallagher 
and Long (10) showed that treatment of the ll(^)-bromo-12(a)-hydroxy 
compound (\0 with silver acetate m acetic acid yielded a fraction which 
after hydrotysis w as identical with 3(a) , 12-dihydroxj''-A® ^'-cholenic acid 
(nil) previously prepared by treatment of 3(a)-h5'-droxy-ll()S) , 12(a)- 
dibromocholamc acid (yil) with alkah (3, 24) Unless inversion of the 
hydroxjd group at Cu of the bromohydrm occurred duimg treatment with 
silver acetate (and this does not seem probable), the compound may be 
designated as 3(a) , 12(a)-dihydroxy-A® “-cholenic acid (VIII) 

With acetic anhydride and pyridine the methyl ester of the last mentioned 
compound forms a 3 , 12-diacetate (IX) which can be hydrolyzed with alkali 
to gi-ve the starting material With acetic acid and a trace of sulfuric acid 
the 3(a),12(a)-dihydroxy compound (VIII) very rapidly forms a mono- 
acetyl derivative and from the rate of reaction and the conditions of the 
ex-periment it is evident that the formation of this acetate (X) is not by 
esterification but by replacement of the 12-hydroxyl gioup Hydrolysis 
of the monoacetyl derivative restores the 3(a) ,12(a)-dihydroxy compound 
(VIII) These results indicate that in the replacement of the 12-hy(iroxj’’l 


‘ See the Bection “Results ’’ 



286 


STEROIDS FROM BILE ACIDS Vn 


Table I 


Mclhng Poinls and STpcctfic Rotations of Compounds Considered in This Paper 


Compound 

Mp 


Bibliograpiiic 
reference f>o 


°C 

degrees 


I 3(a),12(o:)-Dihydro\ycholamc acid 

177 

-1-48 

33, 34 

II 3(a),9(Q:)-Epo\y-A"-cholenic “ 

158 

-57 

4 

III Methyl 3(a)-hydro\y-12(o;)-bromo- 
A' “-cholenate 

137 

-f213 

4 

IV 3(Q;)-Hydro\y--ll (a) , 12(Q!)-epo\ycho- 
lanic acid 

167 

-f39 

1, 10, 3o 

V Methyl 3(Q:)-aceto\y-ll(/3)-bromo- 
12(Q;)-hydro\ycholanate 

139 

-1-54 

10 

VI Methyl 3(Q!)-aceto\y-ll(/3)-broino-l2- 
ketocholanatc 

164 

-1-41 

10, 17 

VII 3(Q:)-Hydro\y-ll(/3),12(Q:)-dibromocho- 
lanic acid 

179 

-f67 

2 

VIII 3(a) , 12(a)-Dihydro\3'-A“**'-cholenic 
acid 

200 

-M04 

3, 10, 21 

IX Methyl 3(a),12(a)-diaceto\y-A® 

^ cholenate 

A 3(a)-Hydro\y-12(a)-aceto\y-A® 
cholenic ac d 

S5 

-fl98 

3, 21 

186 

-f206 

3 

XI 3(a),12(^)-Dihydro\y-A’ “ cholenic 
acid 

107* 

-f28 

t 

XII Methyl 3(a),12((3)-diaceto\y-A®'**- 
cholenate 

107 

-1-3 

t 

XIII Methyl 3(a)-hydro\y-12(a)-metho\y- 
A® *’ cholenate 

163 

-1-130 

3 

XIV Methyl 3 keto-12(a)-hydroxy-A'’ 
cholenate 

162 

-1-70 

3 

XV jMetli 3 '’l 3 keto-12(a)-metho\y-A^ 
cholenate 

100 

-fll2 

3 

XVI Meth'vl 3-kcto-12(a) bromo-A® >*-cho- 
Icnate 

137 

-1-182 

4 

XVII Methyl 3(a)-accto\y-ll (/3)-hydro\y- 
12 (a) -bromocholanate 

203 

-f71 

25 

XVIII Methjd 3(a)-acelo\y-ll-keto-12(a)' 
bromocholanate 

185 

+8 

5, 25 

XIX Methjl 3(a) aceto\y-ll(/3),12(/S)-epoxy 
cholanate 

155 

-1-62 

25 

XX Mcthjl 3(a)-aceto\y-ll(j3) hydroxy- 
cholanate 

148 

-f69 

5, 25, 27 

XXI 3(a) 1 1 (^)-Dihv droxjcholanic acid 

201 

-h55 

5 

XXII 3(a),ll(a)-Dihj'dro\jcholanic “ 

147 

-f22 

16 

XXIII Methjl 3(a), 9(a) epo\y-1103), 12(a)- 
dibromocholanate 

143 

1 

-1-45 

4 

XXIV Metlnl 3(a),9(a)-epo\y-ll(a),12(^)- 
di bromocholanate 

123 

-1-20 

4 
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Table 1— Concluded 



Cornpaund ! 

Mp 

[“Jp 

Bibliographic 
reference No 



•c 

deirecs \ 


XX\^ 

hIethjl3(o),9(a)-epoKj-ll(^) hydroxy- 
12(a)-bTOmocholanate 

187 

i 

"I'SS 

5 

XXtT 

Methjl 3(a),9(a)-epoxy-ll kcto 12(a)- 
bromocholanate 

115 

-35 

5 

XX\TI 

Methjl 3(a), 9(a) epo\j ll(/3) acetoxj'- 
12(a)-bromQcho\anate 

134 

-M7 

4 

XXVIII 

Methyl 3(a) ,9 (a) , 11 (^) , 12(^)-diepo\j - 
cholanate 

81 

-fl6 

4 

XXIX 

Methjl 3(a),9(a)-epoxj -11 (^)-acetoxj - 
cholanate 

98 

-f50 

This paper 

XXX 

3(a),9(a)-Epoxy ll(^)-hjdroxycho- 
lanic acid 

200 

-1-56 

it l( 

XXXI 

Methj 1 3 (a) , 9 (a) , 1 1 (a) , 12 (a) -diepoxy- 
cholanate 

94 

-M6 

4 


* Compound XI separated ^Mth 0 5 molecule of benzene and melted with effer- 
vescence The specific rotation uas taken on matenal which had been dned and 
freed of solvent of crj stalluation 

t Kendall, E C , unpublished data 

group by the acetoxyl group inversion did not occur either "with acetic an- 
hydride in pyridine or vnth acetic acid and sulfuric acid, and that the 12- 
acetoxyl group in both IX and X has the a configuration (3) 

The epunenc 12-hydrox> compound (XI), to which v e assign the ^ con- 
figuration at Cu, was prepared by catalytic reduction of 3(a)-hydro}cy-12- 
keto-A® “-cholemc acid.® IMien the methyl ester of XI was treated with 
acetic anhydride and pjTidme, there was formed the 3(a),12(/3)-diacetate 
(XII), which differed from IX and which with alkali yielded the dihydroxy 
startmg matenal (XI) It is apparent that mversion did not occur either 
durmg acetylation or hydrolysis However, when the 12(^)-hydroxy com- 
pound (XI) was converted mto the 12-acetate by treatment w ith a trace of 
sulfuric acid m acetic acid, the product isolated was identical wuth the 12(a)- 
acetate (X) formed from the 3(a),12(a)-dihydroxy compound ® 

This behavior of the 1203)-hydroKjd group m the presence of a trace of 
mineral acid indicates a strong tendency for a (3 substituent at C 12 to invert 
to the a position. Further evidence is afi’orded by treatment of the methyl 
esters of 12(a) and 120?) compounds (VHI and XI) wuth methanol and a 
trace of mmeral acid The same 12-methox5’' compound was obtained from 
both epunenc forms Moreover, the same 12-bromo derivative v as formed 
from both epunenc hydroxy compounds by replacement with hydrogen 

* Kendall et al , unpublished data 
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biomide, and to the methox}^ and bromo compounds (XIII and III), re- 
spectively, ve assign the a configuration at C 12 (3, 4) ® It has not been 
possible to accomplish a conversion of any compound vath the 12 (a) con- 
figuration mto one with a 1203) arrangement by a leplacement reaction 

Regal dless of the configuiation at C 12 of the starting mateiial, the enter- 
ing substituent becomes attached to the a side of the molecule It would 
appeal higlily probable that stenc hindiance is an impoitant directive 
influence and ve suggest that the enteiing group approaches the molecule 
on the side vhich is least hindered, that is, the side opposite the methyl 
gi oup at Ci3 

Compounds vliich have a ketone at C3, methyl 3-keto-12-hydroxy-A'’- 
cholenate (XIV) and the closely related 12-metho\y (XV) 01 biomo (XVI) 
compounds, ha^e the a configuiation at C 12 , smce they were prepared 
directly from 12(q:) deiivatives or by methods analogous to those used to 
give the 12 (a) senes with hydiovjd gioup at C 3 (3, 4) 

A second tjTDe of evidence for the configuration at C 12 in the A®- ” com- 
pounds IS furnished by the difference m the reactivity of derivatives which 
aie epimeiic at C 12 Hj’-di ogenolysis of the hydiovyl group occurs with 
both forms but the rate is much faster with the compound to which the a 
stiuctuie has been assigned than with the compound to which the /3 struc- 
ture has been assigned This difference is exaggerated in the 3(a), 12- 
diacetyl derivatives The 12(a)-aceto\yl group was readily removed by 
hydi ogenolysis but the epmieiic 12(j8) compound lemamed unchanged 
under similar conditions ® Piesumably the differences of reactivity may be 
explained bj’' the configuration at C 12 

The lates of formation of methyl 3(a)-hj'’dioxy-12(a)-methoxy-A® “- 
cholenate in methanol vith a trace of hydrogen chloride and of the corre- 
sponding 12(a)-acetox'y compound in acetic acid with a trace of sulfuric acid 
are much faster vith 3(a), 12(a) dihydioxy-A® “-cholemc acid than with 
the corresponding 12((3)-hydioxy compound® These obseivations are m 
keeping vith those already mentioned m regard to the reactivity of the 
12(a) and 12(/3) compounds toward hydrogenolysis and they illustiate the 
influence of the stereochemical configuration on chemical reactivity 

Still fiiithcr evidence for the configuiation of the substituent at C 12 is 
furnished by the specific rotation There is but little difference in the 
specific rotations of some derivatives of 3(a)-hydioxycholanic acid which 
are epmieiic at C 12 but in the corresponding derivatives w'lth a double bond 
Cb-Cu the diffeience m specific rotations between the 12(a) and 12(/3) forms 
IS marked Not only do those compounds to which the a configuration has 
been assigned have rotations which are relativ ely higli, but in each epimeiic 
pan the rotation of the a compound is higher than that of the compound 
with opposite configuration The specific rotations of the 12(a) and 12(/3) 
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forms of 3(o£),12-<iiliydroxy-A® “-cholemc acid are +104° and +28° re- 
spectively The 'Values for the 3(a;)-acetovy-12-hydroyy-A®”-choIemc 
compoimds are +116° and +46° and for the diacetates +200° and +3° (3) ® 
Althougli it would be impossible to assign the configuration on the basis of 
specific rotation alone, m the three epimeric pairs cited the rotations are 
consistent with the configurations assigned 
Compounds Related to S(a) ,ll~Dihydroxycholantc Acid — Ott and Reich- 
stem (25) prepared methyl 3(a)-acetox3’’-ll-hj’’drox3’'-12-bromochoIanate 
(X\TI) and shoved that this bromohydrm with chromic acid gave the 11- 
keto-l2-bromo compound (X^TII) "With alkahne almmnum oxide the 
bromohydrm (Xmi) was converted into an 11,12-o'ade (XIX) ^ Smce 
the epimeric oxide (IV) (1, 10, 20) has been shown to have the a configura- 
tion, the oxide (XIX) appears to have the /3 structure and this mterpreta- 
tion leads to meth 5 d 3(a)-acetox3'--ll03)-bydroxj’’-12(a)-bromocholanate as 
the most probable configuration for the bromohydrm (XVII) and methyl 
3(a)-acetox3-ll-keto-12(a)-bromocholanate for the corresponding bromo- 
ketone (X\T3I) 

Ott and Reichstein (25) showed that catalytic reduction of the oxide 
(XIX) gai'e methj 1 3(a)-acetoxy-ll-hj^droxycholanate (XX), to which they 
assigned the a configuration at Cu Smce the oxide (XIX) has now been 
shown to haie the /S configuration, it appears that the 11-hydroxyl group of 
methyl 3(a)-acetox3'’-ll-hydroxycholanate (XX) must also belong to the 
P series * 

Reduction of methjl 3(a)-acetoxy-ll-ketocholanate gave the same iKfi)- 
hydroxy product (XX) (27) This compound (XX) has also been prepared 
by reduction of 3(a)-h5''droxy-ll-ketocholamc acid to 3(o:) ,llG3)-dihy- 
droxycholamc acid (XXI) followed by esterification and acetylation (5) 
Additional evidence m support of the ll(i3) configuration m XXI follows 
from the resistance of the 1 1 -hydroxyl group toward acetylation (5) and the 
ease with vhich the compound undergoes dehj’-dration (27) The epimeric 
11(a) compound (XXII), prepared by Long and Gallagher (16), v as readily 
acetylated and relatn ely resistant to dehydration of the ll-h 3 '’droxyl group 
Compounds Related to 3 ,9-Epoxy-fA^-cholenic Acid— It has been men- 
tioned that bromination of 3(a)-hydroxy-A'*-cholemc acid jnelds onlj’’ a 
single dibromo compound (VII) which can be separated m crj'^staUme form 
(2) Howev^er, biomination of methyl 3,9-epox3'-A''-cholenate results m 
the formation of two crystallme dibromo derivatives (XXHI and XXR') 

^ Ott and Reichstein (25) assigned the a configuration to the oxide (XDC) because 
the epimeric oxide (It'') had been designated as a member of the p series In a sub- 
sequent publication the oxide (XIX) is assigned the p configuration (23) 

' In a subsequent publication the hjdroxjl group is assigned the p configuration 
(26) 
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(4) These dibromo compounds appear to be stereoisomers, since they 
are both conveited with zinc into methyl 3,9-epoxy-A^^-cholenate (4) 

It has not been possible to replace 1 of the atoms of bromme of XXTV 
selectively Hov ever, the treatment of the dibromide (XXIII) vnth silver 
oxide in aqueous acetone gave methyl 3,9-epoxy-ll-hydioxy-12-bromo- 
cholanate (XXV), which was oxidized to a bromoketone (XXVI) With 
hydrogen bromide the 3,9-epoxy structure was opened and from the solu- 
tion methyl 3(Q:)-acetoxy-ll-keto-12(Q;)-bromocholanate (XVIII) was 
separated in good yield Debrommation of XVIII and XXVI yielded 
methyl 3(a!)-acetoxy-ll-ketocholanate and methyl 3,9-epoxy-ll-ketocho- 
lanate respectively In the bromination of eithei of these two keto com- 
pounds it w ould be ex^iected that both of the possible epimeric 12-bromo 
compounds would be formed, but m each instance only one biomo com- 
pound, X\TII 01 XXVI lespectively, could be isolated Thus it is evident 
that the configuration of the steroid nucleus exerted a strong directional 
influence ® On the basis of these results (5) we assign the a configuration 
to the biomine at C 12 in methyl 3,9-epox5'’-ll,12-dibiomocholanate 
(XXIII) and in methyl 3,9-epoxy-ll-keto-12-biomocholanate (XXVI) 
The bromohj’-drin (XXV) can be acetylated to give the biomoacetate 
(XXVII), also obtainable by treatment of methyl 3,9-epoxy-ll,12- 
dibromocholanate (XXIII) wTth sodium acetate (4) Both the bromo- 
hydrm and its acetate yield an 11,12-oxide (XXVIII) ivith methanolic 
sodium hj'^di oxide Tlu ee mechanisms can be advanced for the conversion 
of the dibromide (XXIII) into the oxide (XXVIII) (1) The atoms of 
bromine in methyl 3,9-epoxy-ll,12-dibromocholanate aie cis wuth lespect 
*■0 each other Replacement at Cu is accompanied by mversion and the 
’3 IS obtained by elimination of hydrogen bromide from a trans bromo- 
0 drill (2) The epoxy dibromide is a trans dibromide, w^hich undergoes 
replacement with inversion and yields a cis bromohydiin conveitible to an 
oxide on tieatment wath alkali (3) The epoxy dibromide is a trans 
dibromide and replacement at Cu proceeds without inveision to a 
trans bromohj’-drin This m turn gives the oxide with alkali 

Of these new s the third is most acceptable Addition of bromine to an 
olefinic linkage usually gives a tians pioduct (28) and Bartlett (29) and 
Bartlett and Vfiiite (30) have shown that oxides are readily formed from 
trans halolydrins and alkali, whereas the cis isomers are converted to ke- 
tones under similar conditions 

Ihe work of Wmstein and Buckles (31) indicates that when an atom of 
bromine is replaced by a substituent a second atom of bromine, if adjacent, 

’ Sccbcck and Rcichstein (17) found that m the bromination of 3(a)-acetoxy-12- 
ketocholanic acid the ll(Qr)-bromo derivative usually predominated Gallagher and 
Long (20) ha\c pointed out that m this reaction it could bo anticipated that the 
hindered isomer at Cn uould bo formed in less amount 


■\tATTOX, TtjKNER, MCKENZIE, ENGEL, AND KENDALL 


291 


may participate m the replacement m such a maimer that no mversion 
occurs It therefore seems safe to conclude that the dibromide (XXIII) 
IS methjd 3,9-epo\3^-ll(^),12(a)-dibromocholanate and the dibrotmde 
(XXr\0 IS methyl 3 ,9-epoxy-ll(a) ,12G3)-dibromocholanate The bromo- 
hydrm {XXY) is methyl 3,9-epox3''-llOS)-h3'-dro'cy-12(a)-bromocholanate, 
the acetyl denvative (XXITI) has the (S configuration at Cu, and the o-ade 
(XX\TII) IS meth3d 3(a),9(«),ll(^),1209)-diepoKycholanate 
Halogen at Cu m the bromoacetate (XXVTI) n as removed by catalytic 
debrommation to give methjd 3,9-epoxy-ll03)-acetoxj’’cholanate (XXLX) 
and alkahne hydrolj'sis of the 11-acetate yielded 3,9-epovy-ll-hydroxy- 
cholamc acid (XXX) ® H3’'drolysis of the acetate required drastic treat- 
ment and it was found that under mild conditions the ll-hydrox3''l group 
was neither acetylated nor replaced by chlorme with phosphorus penta- 
chloride Although the epimeric 11-hydroxy compound is not available 
for comparison, the chemical properties of XXX are m agreement with 
those anticipated for an ll(/3)-hydroxy compound 
A diepoxide, epimenc at 11,12 mth methyl 3(a:) ,9(a) ,11(^) ,12(/S)- 
diepoxycholanate (XX^'III), has been formed by the action of perbenzoic 
acid on 3 ,9-epoxy-A”-cholemc acid (II) By exclusion the configuration of 
this oxide (XXXI) is assigned meth3d 3(a),9(«),ll(a),12(a)-diepo\y- 
cholanate (4) The a position is also mdicated by the fact that perbenzoic 
acid forms the a oxide with the closely related compound 3(«)-hydroxy- 
A”-cholemc acid (1) 

i?esuZte“ 

All meltmg pomts were taken on the Fisher-Johns apparatus 
Methyl S ,9-Epoxy-A^^-cholenale from S{a)-Hydroxy-ll(fi) ,12ia)-dibromo- 
cholamc Acid {VII) — A solution of 536 mg of 3(a)-h3''droxy-ll08) ,12(a)- 
dibromocholanic acid m 5 0 cc of dry p3uidine was boiled under a reflux 
condenser for 30 mmutes Ether and chloroform were added and the or- 
gamc phase nas washed v ith water, dilute sulfuric acid, agam mth water, 
and was filtered through sodium sulfate The solution was esterified with 
diazomethane m ether and adsorbed on a column of 12 gm of aluminum 
oxide The material, eluted mth 4 1 petroleum ether-benzene (177 mg ), 
was crystalhzed from cold dilute methanol to gi\ e 78 mg of product which 
melted at 51-52° and did not depress the melting pomt of meth3d 3,9- 
epox3^-A**-cholenate [«]□ = —59° ± 2° (30 3 mg m 3 00 cc of chloro- 
form) 

S{a) ,19(a)-Dihydroxy-A^ ^^-cholenic Acid (FZ7Z) from S{cx)-Hydroxy~ 

“ Some of the compounds described in this paper were analj zed in the laboratorj 
of Merck and Company, Inc , Rahway, New Jersej , the remainder was analyzed by 
Mr William Saschek in the Department of Biochemistry of Columbia Umversity, 
New York 
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ll(^) ,12{a)-dibromochohmc Acid {VII) — A solution of 536 mg of 3 (q:)- 
liydroxj^'llClS) ,12(o:)-dibromocholiinic acid (VII) in 5 0 cc of pyiidme and 
5 0 cc of M ater as boiled under a refluv condensei foi 30 minutes A 
mixture of ether and chloroform was added and the orgamc phase was 
Mashed mth ivater, dilute sulfuric acid, and Matei and filtered thiough 
sodium sulfate The halogen lemoved M^as 96 pei cent of the theoietical 
amount The solution M'as concentiated undei i educed piessuie and the 
lesidue Mas crystallized from benzene The mateiial, leciystalhzed tMuce 
from acetone, Meighed 97 mg and Mhen placed on the meltmg point stage 
at 190° melted at 193-195° The melting point was not depiessed Mdien a 
sample of VIII Mas mixed M'lth 3(Q;),12(Q;)-diliydiox5’’-A*’’ “-cholenic acid 
[a]D = +103°d=2° (31 4 mg in 3 00 cc of methanol) 

Melhyl 3 ,9-Epoxy-ll(2)-acetoxycholanate (XXIX) from Methyl 3,9- 
Epoxy-ll{3)-acetoxy-12{a)-bromochQlanale {XXVII) — solution of 525 
mg of methyl 3,9-epoxy-ll(/3)-acetoxy-12(Q:)-biomocholanate in 2 cc 
of pjnidinc and 100 cc of ethanol M’’as shaken in an atmospheie of hydiogen 
Muth 5 0 gm of palladium catalyst (32) foi 6 5 houi s The solution was 
filteied and the filtrate M'as concentiated under reduced pressuie The 
residue m as dissolved m benzene and the solution was washed with dilute 
acetic acid and Mith M'ater and concentrated to dryness The residue 
ciystalhzed from dilute methanol to give 240 mg of pioduct mIucIi melted 
at 95-96° Fuithei puiification from the same solvent raised the melting 
point to 97 5-98° [q:]d = +50° ± 2° (20 0 mg in 4 00 cc of chloroform) 

C-7ll4:Oii Calculated, C 72 61, H 9 48, found, C 72 59, H 9 58 

3.9- Epoxy-ll(|3)-acetoxycholanic acid was obtained by hydrolysis of 
446 mg of methyl 3 ,9-epoxy-ll(|3)-acetoxycholanate (XXIX) in 59 cc of 
methanol and 25 cc of 1 n aqueous sodium hydi oxide The solution M'as 
refiuxed foi 2 houis, acidified Muth acetic acid, and concentiated under le- 
duccd piessuie The residue M'as extracted Muth benzene and the solution 
M ns M a^'hed Muth m atei and concenti ated to di yness undei i educed pi essure 
After thiee cij’-stallizations fiom hgioin the mateiial melted at 163-163 5° 
[a]D = +54° i 1° (40 0 mg in 4 00 cc of chloroform) 

C-^ThoOj Calculated, C 72 19, II 9 32, found, C 71 93, II 9 18 

3 .9- Epoiy-ll{3)-hydioxycholarvic Acid (XXX) from 3 ,9-Epoxy-ll{3)- 
accloxycholamc Acid — 92 mg of 3,9-epoxj'^-ll(/3)-acetoxj’'cholanic acid M^eie 
dissoh ed m 5 cc of methanol, 7 5 cc of 5 N aqueous sodium hydi oxide m eie 
added, and the solution Mas lefluxed foi 16 houis The methanol Mas ic- 
moced in an air cuiient. Mater Mas added, and the solution M^as acidified 
Math hjdrochloiic acid The lesultmg precipitate Mas collected, M^ashed, 
and crystallized fiom dilute acetone The pioduct (70 mg ) melted at 199- 
200° Wd = +56° ± 2° (24 6 mg in 3 00 cc of chloroform) 
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C.,H,sO, Calculated, C 73 80, H 9 81, found, C 73 98, H 9 72 

3,9'Epo':j-llG3)-h}’-dro':j’^cholanic acid has also been prepared through 
hAdroljsis of the ll(j3)-formate Treatment of the dibromide (XXIII) 
in methanol i\ith potassium formate gave a mixture of the llG3)-formoxy- 
12(a)-bromo and the llG3)-h3'droxj’^-12(a)-bromo compounds Catalytic 
debromination of either the bromofonnate or the bromohydrm, foUowed 
by allcahne hydrolysis, yielded the ll(j3)-hydroxy acid (XXX) 

3 ,9-Epoxy-ll-heiochohmc Acid from S,9-Epoxy-ll{3)-hydroxycholamc 
Acid (XXX) — 780 mg of 3,9-epoxy-ll(j3)-hydroxycholamc acid Mere oxi- 
dized at room temperatuie m 10 cc of chloroform and 30 cc of acetic acid 
inth 5 40 cc of 1 85 N chromic acid dissolved m 95 pei cent acetic acid 
After 16 hours water and benzene were added and the orgamc phase m as 
Mashed Muth M^ater and evaporated to dryness under i educed pressure 
After tMO recrystallizations from dilute acetone the residue gave 454 mg 
of material which melted at 173-174“ Some samples of this compound 
partially melted at about 168“, resohdified, and melted at 173-174° The 
meltmg pomt M'as not depressed M'hen the crystals were mixed Mnth an 
authentic sample of 3,9-epo\y-ll-ketocholanic acid (5) [a]D == 4-92° dt 
2° (20 0 mg m 4 00 cc of chloroform) 

CjiHjsO/ Calculated, C 74 18, H 9 33, found, C 73 94, H 9 53 
SUMltARY 

The probable stereochemical configurations are assigned foi tM'enty-five 
derivatives of the bile acids Mith one or more substituents in Rmg 
C These compounds are i elated to cholamc acid, A® “-cholemc acid, and 
A”-cholenic acid and, m addition, position 3 is substituted with a ketone or 
an a-hydroxjfi group, or is attached to position 9 through an epoxide 
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THE INFLUENCE OF THYROID ACTIVITY ON THE LIVER 
AND PLASI\IA LIPIDES OF CHOLIN& AND 
CYSTINE-DEFICIENT RATS 
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The effects of choline deficiency on liver hpides have been well estabhshed 
and the variations in plasma hpides encountered m clinical hypo- and hy- 
perthyroid states have been thoroughly studied With the recent findmg 
that hypothyroid animals do not exhibit the hepatic damage which results 
from chrome choline deficiency in normal rats (1)’ it n as thought of mterest 
to determme the influence of thyroid activity on the plasma and hver hpides 
of both chohne- and C3'stme-deficient ammals 

EXPERIMENTAL 

The subjects of this study were male rats of the Vanderbilt strain (2) 
After weanmg they were gromi to 100 gm on a stock ration and then houssd 
m mdividual cages and fed the experimental diets The basal diet for all 
groups was prepared as follows casein 10, sucrose 59, cotton seed oil 10, 
lard 15, cod hver oil 2, salts (3) 3, cholesterol 0 5, and mositol 0 3 In addi- 
tion, to each kilo of diet were added thiamme hydrochloride 3 mg nboflavm 
5 mg , pyridoxme 3 mg , calcium pantothenate 59 mg , macm 590 mg , 2- 
methyl-l,4-iiaphthoqumone 3 mg , a-tocopherol 59 mg , and p-ammoben- 
zoic acid 100 mg All rats received 5 y each of both fohe acid and biotm 
twice weekly by pipette The fo'Iowmg materials were incorporated m 
the various diets, as specified m Tables I and II, at the expense of an equiva- 
lent amount of sucrose cholme chloride 0 6, cystme 0 5, thiouracil 0 3, desic- 
cated whole thyroid powder (krmour) 0 2, 0 3, and 0 4 per cent Hyper- 
thyroidism was produced by feedmg thyroid powder and hypothyroidism 
both by thiouracil feeding and by total thyroidectomy performed under 
ether anesthesia when the rats weighed 89 gm A number of th 3 Toidec- 
tormzed animals are not included in Tables I and II, as they never properly 
recovered from the surgical procedure and failed to eat or grow adequately 

At the conclusion of the experiments the ammals w ere mildly anesthetized 
mth nembutal given intrapentoneally, the jugular vem w^as exposed by 
proper dissection, and 0 1 ml of heparm solution (Lederle) w as administered 
intravenously About 1 mmute later, the animals were exsanguinated by 

* Handler, P , and Follis, R H , Jr , m preparation 
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bilateral carotid section and the blood collected in a small porcelain dish 
By this procedure one may consistently obtam 6 to 8 ml of blood fi om a 
150 gm rat and propoi tionately moie fiom larger animals The blood was 
immediately centrifuged and the plasma saved for analysis The rats’ 
livers were lemoved, veighed, and tiansfeired to a bottle containing an 
alcohol-ethei (3 1) nuxture 

The analjdical procedures weie similar to those pieviously employed but 
with some modification The hveis vere tiansfeiied to the container of a 
Waring blendor and ground vath 8 ml of alcohol-ethei foi each gm of 
hvei The suspension was transferied to a beakei and refluxed for 5 min- 
utes A round bottom flask with lunning watei was used as a ciude but 
efficient condenser The suspension was filteied, the insoluble mattei 
washed with ethei , and the combmed filtrates evaporated The i esidue was 
exti acted vith vaim peti oleum ethei, and the solution filtered thiough an- 
hydrous sodium sulfate, evapoiated, and weighed This value was taken 
as the total lipide content of the liver In a batch of contiol hveis from 
noimal stock rats, the results veie virtually identical vith values obtained 
by prolonged extinction of diied livers mth chloiofoim m a Soxlilet appaia- 
tus Foi furthei analysis the lipides weie dissolved in peti oleum ether and 
suitable aliquots lemoved Total cholesteiol vas detei mined colorimetri- 
cally by the Liebermann-Bui chard leaction with a Coleman spectrophotom- 
eter and lipide phosphorus detei mined by the Fiske-Subbai ow pioceduie 
after peichloiic acid digestion Total lipides, cholesteiol, and phos- 
pholipides veie detei mined in the same mannei on the alcohol-ethei -soluble 
fi action of hepai inized plasma Phospholipides wei e calculated by assum- 
ing an a\ erage of 4 pei cent as the phosphoius content of phospholipides 

The fiist senes of animals was maintained on the expeiimental rations 
for 3 V eelvs The natuie of the vaiious gioups and the lesults obtained are 
summarized m Table I The animals of Gioups A to D may be taken as 
the contiols, fiom the nutiitional standpoint, for this senes Groups E to 
H vcre chohne-deficient. Groups J to L vere cj^stine-deficient, and Gioups 
M to 0 deficient in both cholme and cystine The groups in each nutri- 
tional categoiy are then arranged in oider of ascending thyroid activity 

With lespcct to the nutritional vanables, in animals with no altered 
thjTOid function, the icsults veie in accord with pievious findings Thus, 
smiple chohnc-dcficient rats shoved maikedly fatty hveis and iiici eased 
Inei cholesterol concentration Neithei liver fat nor cholesteiol increased 
quite so much in anmials deficient m both cystine and choline The liveis 
of rats lecen ing choline but not cystine contained less total hpide and cho- 
lesterol than any of the other groups It should be noted that the level of 
choline administration employed under these conditions was just sufficient 
to maintain normal liver hpide and cholesterol concentrations This pro- 
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vided a rather labile situation, so that the effects of varying thyroid activity 
V ould be more readily apparent 

The most dramatic effect of varjnng thyroid actmty noted, under these 
conditions, vas on the hver cholesterol fraction and is readily apparent in 
each nutritional category Hj-pothyroidism mvariably resulted m an ele- 
vated hver cholesterol concentration and h 3 'perth 3 Toidism m a marked de- 
crease therein In consequence, the highest cholesterol concentration m 
the senes was obsened in th3Toidectomized, chohne-deficient rats, while 


Table I 

Effects of Thyroid Actiiity on Liter Liptdes of Choline- and Cystine Deficient Rats 
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the lov est was in the th 3 Toid-fed, c 3 'stme-deficient group The magmtude 
of this difference is, perhaps, more impressive when the total amounts of 
hver cholesterol m each group are compared These ma 3 ’’ be readily cal- 
culated from the data of Table I Thus, while the cholesterol concentra- 
tion m Group E v. as 10 times that of Group L, the total liver cholesterols 
Here 134 0 mg and 8 6 mg , respectn el 3 ’-, vhile food consumption vas 9 7 
and 7 5 gm per da 3 ’^ respective^ The effects of vailing the let el of th 3 ’'- 
roid activity on the neutral fat fraction of the liver hpides were not quite as 
striking In fact, in each nutritional categor 3 ^, comparison of h 3 ’per- or 
hypoth3Toid animals with the normal controls of that categor 3 ' does not 
reveal differences tthich are more than barely statistically significant 
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However, when the hyperthyroid group is compared with the hypothyriod 
group, it becomes ob^^ous that qualitatively the neutral fat behaves m a 
pattern similar to that described for cholesterol, mz , rising in the hypothy- 
roid state and fallmg m the hyperthyioid state In accord with previous 
findings (4, 5), the phospholipide fraction of liver under these circumstances 
IS reduced in otherwse fatty livers This fall, however, is deceptive, smce 
it represents merely dilution by the other lipide components and actually 
the ratio of phospholipide protein N of the liver remams faiily constant 
Neither the nutritional nor the thyroid variations pioduced anj’’ change m 
phospholipide concentration which was not accountable m these teims 
Willie the extent to which liver fat accumulates m chohne-deficient rats 
IS, in considerable measure, also a function of the groivth rate (4, 6, 7), this 
vai lable does not seem to have materially affected the present results It 
is patently impossible to obtain maximal groivth under the dietary cir- 
cumstances emploj^ed m the production of choline deficiency Therefore, 
the animals of Group C must be taken as the “noimal controls” m this 
series \Wien that is done, it can be seen that m this categoiy the thyroid- 
fed and thyroidectomized 1 ats giew at equal rates, about 75 per cent of that 
of the controls, yet the effects on liver lipides were entirely different A 
similar situation was observed in the chohne-deficient category None of 
the lats in the two cystine-deficient categories grew well and the differences 
appaient in gi ovdh i ate among the various groups are statistically insignifi- 
cant The one anomalous finding in the entire series was the greater neutral 
fat concentiation in Gioup F than Group E Considermg the remainder 
of the series it appears doubtful that this had any real ph^'^siological signifi- 
cance ' 

In the second series, the experimental period was twice that of the first 
series, mz , 6 neeks The nature of the various groups and the results are 
summarized in Table II "While not indicated in Table II, cystine was 
added to all the diets of this series and so, nutritionally, there are presented 
only control and chohne-deficient animals While Table II indicates that 
tnelve lats neie used in each group, actually the entire experiment was 
pel formed tv ice, each time with six rats per group The two experiments 
Mere in excellent agieement and the values shoivn in Table II were calcu- 
lated as if a single large study had been made 
In most lespccts the results obtained in this senes were in agreement with 
those found in the shorter trial Again, the most prominent deviation from 
the basal conditions induced by alteration of the level of thyroid activity 
Mas in the cholesterol fraction of the liver lipides In both nutritional 
categoiies, the Iners of thyroidectomized animals contained about twee 
as much cholesteiol as those of the basal animals, while the livers of the 
hyperthyioid rats contained somewhat less than half as much cholesterol 
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as those of the basal animals Moreover, \s hen compared ndth the values of 
Table I, it can be seen that cholesterol contmued to accumulate m the hvers 
of thyroidectomized rats m the second 3 weeks As m the first series, the 
effects of altered thyroid function on the neutralfat fraction were compara- 
tively small, albeit, nevertheless, real and similar m direction to those 
shown m Table I The failure of thio aracil to yield results comparable with 
those of thyroidectomy may, perhaps, be attributed to the toxicity of this 
compound Thus, the rats of Groups B and G ate less and grew more 


Table II 

Effects of Thyroid Activity on Plasma and Liver Ltpvies of Choline-Deficienl Rats 
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• Each group consisted of twelve rats 


slowly than did the basal controls or thyroidectomized rats In the same 
manner, while the rats of Groups E and K ate more than those of Groups O 
and H for 5 weeks, their appetites dwindled in the last week, accompamed 
by a weight loss of about 4 gm , and it is difficult to determine the extent 
to which this influenced the results Nevertheless, the over-all pattern 
seems clearly established In evaluating these data it must be realized 
that the basal diet for this study contained 0 5 per cent cholesterol, which 
tmdoubtedly would exaggerate any phj’siological circumstance which would 
tend to pemut an accumulation of hepatic cholesterol, although essentially 
normal values were obtained in the control rats of both series 
While cholme deficiency and hypothyroidism exert similar influences on 
hver hpides, their effects on plasma lipides are opposite in direction Cho- 
hne deficiency resulted m a small, but real, decrease m all fractions of the 
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plasira hpides, vhile hj’pothjTOidism, in both nutritional categories, re- 
sulted in a maiked use in the plasma hpides which was someuhat moie 
still mg m the cholme-fed than in the cholme-deficient lats HjTieithy- 
loidism occasioned a comparative!}’’ slight deciease in the plasma hpides 
These findings, in diiection, aie all m keeping vith chnical e'^perience with 
alteiations in human thyioid function In the mam, total hpides, cho- 
lesteiol, and phosphohpides behaved m a paiallel mannei , rising and falling 
under the same cii cumstances and m a loughly proportional fashion Of 
these, the phosphohpide fraction was peihaps the least consistent 
It should be lemaiked that the values for plasma phosphohpide found in 
these rats lAeie consideiably lovei than those usually seen in human sub- 
jects The mean value foi plasma hpide phosphoius concenti ation foi the 
entile senes ■\^as 2 4 mg per ICO ml vith a lange between 1 5 and 3 3 
Koimal human plasma contains 8 to 11 mg of lipide phosphorus pei 100 
ml vith consideiably highei values found m the hypeihpemic plasma of 
h 3 ’’poth 3 ''roid individuals Similai low values for lipide phosphorus in lat 
plasma have i eccntl}’’ been obsei ved by others " 

DISCUSSION 

Fi om the data pi esented in Tables I and II it would seem established that 
the concentration of cholesteiol in the hveis of both noimal and choline- 
deficicnt rats varies inveisely ivith the level of thyioid activity These 
obsei vations are m accoid with the findings of Forbes (8) that thyroxine ad- 
mmisti ation augmented the lipotiopic action of choline at model ate levels 
of choline feeding It is unfoi tunate that this author’s data did not peimit 
an evaluation of the effects of thj'Toxme in cholme-deficient rats In 
anothci papei fiom the same laboiatoiy (9) it vas found that thiouiea feed- 
ing -was AMthout effect on liver fat oi cholesteiol concentration In vieiv 
of the present findings this may, peihaps, indicate merely that thiourea is 
not as effecti\e as thiouiacil or thyi oidectomy m the pi eduction of an 
expel imental hj-poth^noid state No definitive statement concerning the 
inffucnco of thjToid activity on the neutral fat of the hvei can be made 
Accoidmg to the picsent data hypei tliyi oidism depi esses the accumulation 
of nciilial fat m the liveis of both contiol and cholme-deficient animals, 
vhilc hjqiothyioid function opeiates in opposite fashion IIoAvevei, the 
diffciences vere small and, A\hile statistically significant, theie was some 
OA crlappmg of the a ai ions gi oups Since the extent of neuti al fat accumu- 
lation m choline deficiency is, in a large measuie, dependent also upon such 
factois as food consumption, groAAth late, toxic agents, and the supply of 
othci dietary essentials (1, 6), these relatiA’cly small diffeiences found at 

* Artom, C , personal communication 
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vanous Ie\ els of thjTo:d activity are difBcult to evaluate Nevertheless, 
comparison of the lipide content of hyperthyroid and hjTiothjToid livers 
indicates that the behavior of neutral fat parallels that of cholesterol under 
these circumstances 

In the present study, the effects of cj^stine feeding nere equally pro- 
nounced on the cholesterol and neutral fat fractions of the hver hpides 
This vas readily apparent at all levels of thjToid activity Smce it has 
been stated that the mcreased hver fat content v hich results from feedmg 
cystme to chohne-deficient rats is the result of an augmented rate of fatty 
acid sjmthesis (10), this would suggest that cystme feeding may accelerate 
the production of some common precursor of both fatty acids and 
cholesterol, perhaps at the 2-carbon stage 

The present data do not permit a categorical statement concermng the 
mechanism by which the thyroid regulates fat metabohsm Hypothy- 
roidism results m a relative hjqierhpemia and an increased hver fat content, 
vhile hyperthyroidism has the opposite effect Smce the influence of the 
thyroid is most marked on the hver cholesterol fi action, it seems possible 
that the thjToid specifically controls cholesterol metabolism That the 
mcrease in the neutral fat of hver and plasma and of plasma phospholipides 
which results from hypothjToidism may all be secondary to the behavior of 
cholesterol under these conditions appears quite likely m view of the work 
of Popjak (11), who has shown that feedmg emulsified free cholesterol re- 
sults m a marked rise m the concentration of all plasma hpides at the ex- 
pense of depot neutral fat Smce no measurements of extrahepatic tissue 
fat v ere made m the present study, it is not possible to state whether the 
th 3 T 0 id regulates the rate of cholesterol sjmthesis and utflization or its 
transport and distribution This question can best be answered with the 
aid of the isotope tracer techmque 

Hjqiothyroidism mduced by thjuoidectomy* or by feedmg thiouracil (1), 
p-ammobenzoic acid,^ or sulfonamides* protects rats agamst the cirrhos s 
vhich usuallj'- results from the mgestion of chohne-deficient diets In the 
present studj-- it has been found that, inth all other conditions bemg held 
constant, hjqiothyroid activ itj-^ actually augments the usual accumulation 
of hver hpides m cholme-defieient rats It appears, therefore, that unless 
hepatic metabolism is proceedmg at the rate dictated by at least normal 
thjTOid function, the seiere hepatic necrosis and fibrosis of cholme 
deficiency do not occur, despite the fact that the parenchymatous hver 
cells are engorged mth masses of hpide material This situation is analo- 
gous to the previous findmg that the extremely fatty hvers which result from 
the addition of mcotmanude to a diet contaimng 18 per cent casern do not 
undergo the usual necrosis and fibrosis observed m the fatty hvers resultmg 
from chohne deficiency on a low protem diet (7) It recalls also the fact 
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that liver damage due to e'tpei imental hyperthyroidism has only been ob- 
served vhen accompanied by some other toMc agent such as carbon tetra- 
chloride (12), anoMa (13), staphylococcus to\m (14), or rabbit papilloma 
virus (15), although none of these are, of themselves, hepatotoxic under the 
conditions employed 

The alterations m the levels of plasma lipides which were mduced by 
choline deficiency and by vaiying levels of thyroid activity were in accoid 
V ith all previous findings The diminution m plasma lipides is consistent 
with the concept that the fatty liver of chohne-deficient lats is due to a 
failure of phospholipide synthesis and consequently of fat tiansport from 
the liver Hypsi th 3 'To dism did not dimmish the plasma lipides as 
markedly as is sometimes encounteied in Grave’s disease Hypothy- 
roidism, however, resulted in an elevation of plasma lipides which was more 
pronounced in choline-fed than in chohne-deficient animals E'cperimen- 
tally, the hyperlipemia of hypothyroidism has been observed in dogs (16) 
and rabbits (17), but not monkeys (18) In the dog, the degree of the 
lipemia was determined by the animal’s appetite It may well be that the 
failure to find an appreciable drop m the plasma lipide concentration of 
thjToid-fed rats and the exaggerated hyperlipemic response to thyroidec- 
tomy and thiouracil feeding was the result of the use of a basal diet high m 
fat and cholesterol in the present study 

This study was supported by the Nutrition Foundation, Inc , and the 
Duke University Research Council The author’s thanks are also due to 
Miss Ludie A^ ery and Miss Eunice Jones for then techmcal assistance and 
to Merck and Company, Inc , and the Lederle Laboi atones Division, 
American Cj'^anamid Company, for supplies of crystalline vitamins 

SUMMARY 

1 Hj'-polhjTo dism, produced both by thyroidectomy and by thiouracil 
feeding, resulted in a marked increase m the cholesterol concentration and 
a relatively small increase m the neutral fat content of the hvers of both 
control and chohne-deficient rats 

2 Thjuoid feeding resulted in a pronounced decrease in the cholesterol 
concentration and a slight decrease m the neutral fat concentration of the 
hveis of both control and choline-deficient rats 

3 Cj^stine deficiencj’’ pai tially prevented the accumulation of neutral fat 
and cholesterol in the livers of normal and chohne-deficient rats The ef- 
fects of cj'stine deficiency and thyroid feeding weie cumulative and cystine 
deficiencj' partially offset the accumulation of hver lipides m hypothyroid 
rats 

4 The plasma lipide concentrations of chohne-deficient rats were some- 
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wliat reduced beloTr those of normal rats Thyroid feeding shghtly dimin- 
ished plasma hpides of both series, -nhde in hypothyroidism the plasma 
hpide concentrations of both series n ere greatly mcreased 
5 The significance of these findmgs is discussed 
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HISTOCHEAnCAL DISTRIBUTION OF PEPTIDASE ACTIITTY IN 
THE CENTRAL NERVOUS SYSTEM OF THE RAT 

Bi ALFRED POPE and CHRISTIA^ B ANEDCSEN 

{From the Department of Biological Chemistry, Harvard Medical School, Boston, and 
the McLean Hospital Research Laboratories, TI at erley, Massachusetts) 

(Received for publication, Xov ember 20, 1947) 

Recent advances in knov ledge of the action of tissue proteoljd-ic enzymes 
have indicated that thej" may play a role m both normal and abnormal 
growth processes (1-3) As a measure of one aspect of proteolytic activ ity 
and as a background foi a sun ey of the distribution and types of specificity 
of catheptic enzjunes in the central nen ous system and the neoplasms to 
which its cellular constituents give nse, the peptidase activitj of different 
portions of the nen ous system has been investigated 
Previous studies on proteol 3 d;ic enzymes in neivous tissue (4-6) haie 
been upon extracts of whole brain or penpheial nen'e and have demon- 
strated the presence m such preparations of enzymes eapable of sphttmg a 
number of protein and peptide substrates In addition, ZeUer and Mantz 
(7) have reported that charactenstic patterns of proteolytic actmty are 
exhibited by different portions of the forebrams of several species Because 
of the vanations in cellular composition of different portions of the central 
nervous system, it seemed desirable to compare the proteolytic activity of 
each of its pnncipal divisions agamst a smgle substrate, and to use micio- 
analytical methods m order to obtain simultaneous histological control of 
the observations made 


Methods 

Adult rats of Wistar strain were killed by decapitation, and the bram 
and upper dorsal and cenucal portions of the spinal cord removed immedi- 
ately and frozen m a mixture of crushed dry ice m petroleum ether (tem- 
perature —78°) For purposes of comparative enzyme estimation, the 
brain was divided into forebram (cerebral hemispheres), bram stem, and 
cerebellum bj^ section of the appropnate peduncles, and portions of the 
cenucal segments of spinal cord were similarh studied The technique 
for preparation of the tissue was that developed bj Linderstrpm-Lang 
and Mogensen (8), and for quantitatne histochemical deteimmation of 
peptidase activitj^ the method of Linderstrpm-Lang and Holter (9) was 
emplo 3 'ed without essential changes Uniform cj^lmders, 4 mm m di- 
ameter, of the tissues were punched out (m the case of the spinal cord, 
coronal segments weie used), and serial frozen sections, 20 p in thiclaiess, 
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cut from each ^vath a microtome mamtained at — 15° m a cryostat For 
each observation, four imiform serial sections were prepared 

The fimt section was fixed in 10 per cent formahn and stained by the 
Giemsa method for microscopic examination 

The second and third sections were exti acted for 20 to 24 houis at 5° 
vuth 10 3 c mm of 30 per cent glycerol solution buffered vnth 4 per cent 
m/ 15 phosphate at pH 7 0 The extiacts, mcludmg the sections, were 
then used respectively as the expeiimental and autob^sis control prepara- 
tions foi determination of the amount of cleavage of 6 9 c mm of a 0 2 M 
solution of DE-alanylglycine in 0 0343 n NaOH aftei suitable periods of 
incubation of enzyme extract with substrate at 38° The lacemic di- 
peptide was used as in the original method Activators of pioteolytic 
enzymes, eg cysteine and manganese, ueie not included m the leaction 
mixtuie It has been sliou n that the splitting of DL-alanylglycme by yeast 
and intestinal mucosa is not enlianced b}'’ such substances and may even 
be partially inhibited (10, 11) Fuitheimoie, it seemed leasonable to 
obtain compaiative data undei essentially tn vivo envii onmental condi- 
tions The pll was, theiefoie, maintained at 7 0, and effective buffering 
found to take place, since the reaction of the mixture varied inappreciably 
during the course of hydiotysis Libeiated ammo gioups u eie deteimined 
by titration in acetone v itli 0 05 n HCl in 95 per cent alcohol u ith naphthyl 
led as indicatoi, the proteolytic leactions having pieviously been teimi- 
nated by addition of 33 8 c mm of 0 05 n HCl in acetone to the enzyme- 
substrate mixture 

The fouith section of each seiies was placed in a desiccator ovei phos- 
phoric anhydride and left overnight in a ciyostat at 0° to — 15° Its dry 
weight vas subsequently determined by means of the quartz torsion balance 
desciibed by Lowry (12) Some of these sections weie then extiacted in 
xylene for 5 to 10 minutes, and leweighed to obtain then fat-free dry weights 

In most instances, duplicate determinations were made for each expeii- 
mcntal point, but some single obseivations aie included in the data pre- 
sented Peptidase activity has been expressed in terms of the volume of 
0 05 X IICl necessary to neutralize the freed ammo gioups per microgram 
of dry M eight of the adjacent section of the series 

RESULTS AND DISCUSSION 

Prelinimaiy cxpeiiments ueie carried out to establish the relationship 
betveen the length of the period of hydrolj^sis and the amount of splitting 
of equu alent amounts of substrate by extiacts of sections of four principal 
dn isions of the central iicnous system the ceiebial hemispheres, brain 
stem, coicbcllum, and spinal coid TjTiical examples of the peptidase 
actn itj of each as a function of length of hydiolysis are presented graphi- 
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Fig 1 Relation of peptidase activity of vanouB portions of the central nervous 
system to the length of enz 3 matic hydrolysis (• cerebrum, O cerebellum, X brain 
stem, A spinal cord) 



Fic 2 Relation of peptidase activity of glycerol extracts to the number of uni- 
formlv cut microtome sections of cerebral hemisphere extracted 

cally m Fig 1 TFe enzymatic splitting of the substrate is clearly a bnear 
function of the hydrolytic penod for about 45 minutes, and, therefore, 
withm this temporal range the kmetics of the reaction are of zero order 
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PEPTIDASE IN CENTRAL NERVOES SYSTEM 


TaBU! I 


Comparattvc Pephdase Activity of Cerebral Hemisphere, Brain Stem, Cerebellum, and 

Spinal Cord 


Portion of ccn 
tral nervous 

Ej stem 

Evperi 

ment 

No 

Titer of 0 05 
N HCI 

Dry weight 
of section 

Titer of HCI 
pet y drj 
\\ eight 

A\ erage 
titer of du 
plicate X 
10 

Pat free 
drv weight 

Titer of 
HCI per 7 
fat free 
eight 

Average 
titer per y 
fat free 
w eight X 
10 



c mm 

y 

c mm 

c mvt 

7 

c mm 

c mm 

Cerebral 

1 

5 35 

38 1 

0 140 

14 0 

30 3 

0 178 

mm 

hemisphere 

2 

5 63 

46 0 

0 122 

12 2 

37 5 

0 150 

mm 


3 

6 41 

52 3 

0 122 

12 7 

41 8 

0 153 




6 25 

47 3 

0 132 


35 4 

0 177 



4 

4 90 

56 7 

0 086 

8 8 

37 1 

0 132 

13 2 



5 25 

58 4 

0 090 






5 

6 04 

45 3 

0 133 

12 9 

37 8 

0 160 

16 0 



5 97 

47 7 

0 125 






G 

6 10 

63 8 

0 113 

11 4 

SO 1 

0 156 

15 6 



5 14 

44 8 

0 115 


33 1 

0 155 



7 

5 89 

58 8 

0 100 

■Ell 

45 3 

0 130 



S 

6 20 

58 4 

0 106 


39 0 

0 159 

15 9 


9 

5 41 

49 2 

0 no 

■m 

34 1 

0 159 

15 9 


12 

S 52 

71 0 

0 120 


51 3 

0 166 

16 6 

Average 

■ 




11 6 


■■1 

15 6 

S E 

■ 







±0 43 

Brain stem 

4 

4 15 


0 067 

6 7 


H 




4 29 





Bi 



5 

5 05 


■811 

8 1 

41 0 

WBm 

12 6 



4 27 


0 085 


33 1 

Mil 



S 

4 85 

64 9 

0 075 

7 5 

38 3 

0 127 



9 

5 08 



7 3 

46 3 

0 no 



10 

5 47 

80 4 


7 4 

53 0 

0 103 




5 88 

73 5 



48 5 

0 121 



12 

7 00 

64 0 



47 4 

0 148 



13 

4 45 

59 2 

1 9 

7 8 

46 3 


■91 



4 38 

54 4 

; fl 


41 9 

Bi 

H|M 

\.\ crage 





8 0 


■ 


b L 





±0 49 


■ 

±0 61 

Cerebellum 

4 

G 11 

61 9 

0 099 

10 1 

40 0 

0 153 

15 3 



0 52 

63 2 

0 103 






5 

0 93 

49 8 

0 139 

13 0 

37 8 

0 183 

17 0 



0 77 

56 4 

0 120 


43 4 

0 156 



0 

0 52 

55 6 

0 117 

11 2 

38 9 

0 168 

16 5 



C 20 

57 8 

0 107 


38 2 

0 162 



S 

6 37 

64 8 

0 098 

9 8 

41 6 

0 153 

15 3 


9 

7 16 

67 4 

0 106 

11 1 

46 2 

0 155 

mm 
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Portion of con 
iral Dcrvous 
s>stcm 


1 ITitei pj 0^ 03 ^ 1 


k llCl 'J* 

per / do 

xreig^it 



Average 

titer otdu \ J 

plicate X tdi 
10* 

"at free H] 
:y w eielit 1 

liter of , f 
SI ptr y ( 
:at free „ 
freight 

emm 

15 4 

• 

17 8 
10 4 

y 

36 9 

42 3 

43 6 

38 9 

41 9 

44 2 

c mm 

0 184 

0 189 

0 189 

0 215 

0 161 

0 156 

12 4 1 

1 


±0 96 



6 8 

15 3 

0 084 

7 2 

32 7 

0 105 


31 1 

0 124 

i 6 S 

30 3 

0 101 

) 6 0 



5 6 4 



J 

:> 

26 0 

0 137 

8 8 2 

! 47 1 

0 102 


44 0 

0 144 

0 

16 8( 

5 29 4 

0 128 

7 

1 


1 ±0 

34 

1 



c tnf» 


18 9 

21 5 
15 9 


17 2 
±0 71 


8 4 
11 5 

10 1 

13 7 

12 3 

12 8 


11 5 
±0 74 


^OBse^u.u..„ - .rfer “‘""‘S' 

quent expenments on the c ^ ^ ^ mcubation penod of 30 minutes 

portions of the nervous “^yf substrate ^ould be independent 

as used, assumg dependent only on the amount of the 

of the concentration of the latter ana h 

enzyme present peptidase activity is directb related 

In order to determine wheth gLenment was performed m which 

to the number of sections extracted T hemisphere 

duplicate sets of one, two, three, measured m the presence of 

Mere extracted, and the activity , j the substrate by each Tlie 
tt.e sections after 10 ““XhIhotS fte ensymo activity is a biicar 
results are plotted m Fig pvtracted , 

function of the number u as bemg brought abo^ 

Finally, that complete , evtra^g smgle sections with one, 

by the procedure was f ^^eml solution and finding that the re- 

tuo, three, and four aliquots o g y 
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suiting extracts exliibited similar degiees of peptidase activity (aveiages 
of duplicate deteimmations following 30 minutes hydiolysis were 0 099, 
0 085, 0 093, 0 093 emm of 0 05 n HCl per y of diy -weight of section 
respectn ely) 

A senes of expeiiments was then earned out to compaie the peptidase 
activity in extracts of sections cut from ceiebral hemispheres, cerebellum, 
brain stem, and spinal coid Table I summaiizes the lesults of these 
expenments 

The data show that on a di}'- weight basis the ceiebial and ceiebellar 
hemispheies exhibited a significantly gi eater degree of peptidase activity 
tlian did the spinal cord and brain stem The titei of 0 05 N HCl (c mm ) 
necessary’- to neutralize the ammo groups hberated dining 30 minutes of 
hydrolysis per microgram of dry weight of section averaged 0 116 (± 
standard eiroi 0 005) for ceiebral hemispheie 0 080 (± s e 0 005) for biain 
stem, 0 124 (i s e 0 010) for cerebellum, and 0 071 (± s e 0 003) for 
spinal cord 

The anatomical controls levealed an expectedly largei pioportion of gray 
matter and hence of neive cell bodies m the sections of cerebrum and 
cerebellum than in those of biain stem and spinal coid Because of the 
higher proportion of medullated fibers in the bram stem and spinal cord, 
some of the desiccated sections fiom each gioup weie defatted m xylene, 
and the enzyme activities expressed in terms of the fat-free dry weights 
(Table I) The results show that significant diffeiences in activities be- 
tween the gioups also exist even when the myelin sheaths are ruled out as 
contiibutois to the mass of tissue The aveiage titers of HCl expressedin 
terms of xjdene-defatted dry weights amounted to 0 156 c mm (± s e 
0 004) foi cerebral hemisphere, 0 121 (d= s b 0 006) foi biain stem, 0 172 
(± s E 0 007) foi ceiebellum, and 0 115 (± s E 0 007) foi spinal coid 

These results suggest that nerve cell bodies and then dendrites have a 
higlier peptidase activity than their axones To verif}'- this impression, 
an experiment vas perfoimed on sections of the corpus callosum which 
contains no neivc cell bodies Tlie average titer of nine deteimmations 
vas onlj'^ 0 046 c mm of 0 05 N HCl per miciogram of diy iveight and 
0 064 c mm pei miciogiam of diy weight of X3dene-defatted mateiial 

Thus, it appeals that the peptidase activity is more closelj'- related to 
the numbci of neuronal cell bodies than to the total protoplasmic mass 
Experiments are at piesent under way to test the validity of this hypothesis 
bj' measuiement of the laminar distribution of peptidase activity in the 
ceiebral coitex as a function of the density of the nerve cell body popula- 
tion At anj' rate, it is apparent that determinations of pioteolytic ac- 
tivity made on prepaiations of -whole biam are not necessaiily repiesenta- 
tive of any of its parts, and that such studies must take into account the 
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sinking anatomical vanations ivliicli different parts of the central nervous 
system displa}' 


sumuHY 

Quantitative histochemical estimations of peptidase activity in the 
central nervous S 3 ’'stem of the rat ha\e revealed that the splittmg of de- 
alanylglycme is accomplished more rapidly by extracts of the cerebral and 
cerebellar hemispheres than by similar preparations of brain stem and 
spinal cord 

The degree of enzyme actu ity appears to be related to the number of 
nen'e cell bodies present m the sample of tissue analyzed 

The authors gratefully acknowledge their mdebtedness to Professor A B 
Hastmgs for invaluable assistance dunng pursuit of the foregoing studies 
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THE INHIBITION OF MICROBIAL GROWTH BY 
/3-2-FURYLALANINE* 

Bt dale a CLABKt and KARL DITTMER 
irrom the Department of Chemistry, University of Colorado, Boulder) 

(Received for publication, October 10, 1947) 

The effect of ^-2-thienyl-Di,-aIaimie, an isostere of phenylalanine, upon 
the growth of Saccimromyces cerevtstae, Escherichia coli, and certain other 
microorganisms has been reported by du Vigneaud and coworkers (1, 2) 
and by Beerstecher and Shive (3) Thienylalamne was inhibitory toward 
the growth of these orgamsms, and the inhibition nas counteracted by 
phenylalamne These mvestigators found that as the concentration of 
phenylalanine m the medium was mcreased larger amounts of thienyl- 
alanme were required to produce mhibition of growth Thus, thienylalamne 
was shown to act as an “antiphenylalanine” for these microorgamsms 

Smee furan compounds are isosteres of analogous thiophene compounds 
(4), it seemed desirable to study the effect of |3-2-furylalanine on the growth 
of microorgamsms and to compare its activity ivith that of ^-2-thienyl- 
alanme 

In this paper the authors ivish to report the inhibitory action of ^-2- 
furyl-DL-alamne upon the growth of Saccharomyces cerevmae and Escher- 
ichia coll and the effects of naturally occurring ammo acids on the toxicity 
of furylalanine 


EXPERIMENTAl/ 

P-2-Furyl-i)h-alanine — The method desenbed by Herz, Dittmer, and 
Cnstol (5) was employed for the preparation of ^-2-furyl-Di<-alanme which 
was used m all of the expenments desenbed below 

Ammo Acids — Most of the ammo acids used were obtamed from com- 
mercial sources n-Prolme and hydroxy-n-prolme were obtained through 
the courtesy of Dr E E Hone of Merck and Company 

Inhibition of Growth of Saccharomyces ceremsiae, Fleischmann’s Strain 139 
— ^The techmque followed m the yeast powth expenments and the medium 
and supplement used m this work inth yeast w^ere the same as those pre- 
viously described (2, 6) except that commercial sqcrose was used without 
punfication 6 2 ml of medium were added to 1 0 ml of water contaimng 

* Thi? work was supported m part by a research contract w ith the Office of Naval 
Research 

t Present address, Department of Biochemistry, Um\ ersitj of Utah, Salt Lake 
City, Utah 
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GROWTH INHIBITION BY FURTBALANINE 



Fig 2 Inhibition of the growth of Eschenchia coh by furylalanine 

Table III 


Inhibition of Growth of Eschenchia coh by Fui ylalanine in Presence of PhenyWaninc 


DL-Phcnjlalaninc added 
pet 7 2 ml 

Turjl DL alanine added per 7 2 ml for 50 per cent 
inhibition of growth 

rurylalaninc 

Phenylalanine 

7 

7 

•y* 

malar ratio 

0 

13 2 



0 5 

30 8 

17 6 

38 

1 0 

49 5 

36 3 

39 

2 0 

60 6 

47 4 

26 

5 0 

170 

157 

33 

10 

845 

832 

88 

20 

1770 

1757 

93 


* Values in this column are the amounts of furylalanine that had to be added 
above that amount required to produce 50 per cent inhibition without added phenyl- 
alanine 


required to produce 50 per cent inhibition of growth When inlubition 
■nns obtained in the presence of vanous amounts of Dn-phenylalanine, 
additional fur>d-DL-alanine was required to produce 50 per cent inlubition 
of growth The ratio of additional furylalanine to phenylalanine piesent 
tv as not constant at the levels tested, as is shottm in Table III 
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With increasing amounts of furyl-DL-alanme, larger amounts of dl- 
phenylalanmen ere required to nullify b3' half the toxicity of the furylalanme, 
the ratio of these quantities n as nearly constant at higher levels of fuiyl- 
alamne, as is shoivn in Table IV 


Table IV 


Nullification by Phenylalanine of Inhibition of Escherichia coli Growth 
by Furylalanine 


Furyl DL-alanmc per 7^ ml 

1 DL Pheajlalanmc required for SO 
} per cent nuIUBcation of touaty i 

' 1 

Furilalaninc 

Phenylalanine 

7 

7 

molar ratu; 

23 

0 36 

74 

250 

4 2 

64 

500 

6 5 

82 

1000 

12 7 

82 

1500 

18 0 

88 

2500 j 

31 8 

84 



Tig 3 The effect of vanous amino acids on the toxicity of 200 y of fuiylalamne on 
the grow'th of Saccharomyces cerevisiae 

Effect of Amtno Aads Other Than nji-Phenylalamne in Nullifying Furyl- 
alanine Toxicity — A level of 200 y of furyl-UL-alanme per 7 2 ml was chosen 
as a reference pomt at which to study the effect of ammo acids other than 
phenylalanine on the furylalanine toxicity on yeast The growth curves 
m Fig 3 illustrate the results obtained mth the ammo acids nhich showed 
appreciable actmtj m counteractmg the toxicity of furylalamne 
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GBO'ttT'H INHIBITION BY FUBYBALANINE 



Fir 4 The effect of ol phonylalinme, L-tyiosmc, and nn-tiyptophan on the to\- 
citj of 20 7 of furylalanine on the gionth of Eschenchia coh 



1 ir 5 1 he eflct t of sliglith active ammo acids on the toxicity of 20 7 of fuijlala- 

niiH on the groiitli of Esclici ulna cob 

I'or n similai study with EscheueJna coh, a level of 20 y of furylalanine 
per 7 2 ml w as selected The results obtained are illustrated by the 
cuiTcs in Figs 4 and 5 

The effects of most of the natuiully occumng ammo acids on the toxicity 
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of furylalamne on both Saccharomyces cerevmm and Eschenchia coli are 
shown in Table V 

Those amino acids which counteracted the growth inhibition of either 
organism are listed first, with their relative effectiveness compared with 
DL-phenylalamne taken as 100 per cent The compansons were made at 
the levels of amino acids which were necessary to obtam growth at a level 
half way betw een normal growth and the level of inhibited growi,h due to 


Table V 

Nulhficalion of rurylalamne Inhibition of Growth of Saccharomyces ceremstae and 
Escherichia colt by Various Ammo Acids 


For 5 ctreriitat j 

For JS coU 

ntnmo acid , 

Amount re- ^ 
quired for jO per Effectue- 
cent nullidci nes 00 

tioD of inhibt motar 

tion b) 200 y ba<is 

furjlaUnme ^ 

\ Ammo and 

\ 

1 1 

[ Amount re- 
.quired for SO per 
cent DuIIifica 1 
1 tion of inhibi ! 
1 lion b> 20 7 1 
fur> lalanme { 

Effectne 
ness on 
molar 
basis 


( 

1 

per etni 


1 

per cent 

DL-Phenylalanine 

90 

1 100 

0L-Phenyla!anine 

1 0 34 

100 

L-Leuome 

200 

1 36 

L-Tyrosine 

1 0 68 

55 

DL-Isoleucme 

5 o 0 


DL-Tryptophan 

1 0 

42 

DL-Trj ptophan 

950 

' 12 

DL-Methionine 

50 

0 61 

Dir-Methiomne 

2300 1 

3 5 

DL-Isoleucine 

68 

0 40 

DL-Valine 

2200 

2 9 

L-Leucine 

i 225 

0 12 

DL-Alanine 

6000 

<1 0 

L-Cysteine HCI 

420 

0 06* 


1 

1 

L-Prolme 

1950 

0 05* 




L Histidine HCI - 

4280 

0 05* 




HO ' 



Inactive L-tyrosine, L-cysteine HCI, l- 

1 Inactive DL-valine and dl alanine 

proline, L-histidme HCI 






Inactive for both organisms glj cme, DL-serme, dl threonine, L-aspartic acid, 
L-asparagine, L-glutamic acid, hjdro-ry-L proline, L-lysine HCI, L-cystme 


* The possibility of contamination with more active ammo acids is not ruled out 
for these results 

the presence of 200 7 of furylalamne m the case of yeast and 20 7 with 
Eschenchta colt This is the growth level which represents 50 per cent 
nulhfication of the toxicity of furj lalanme 

DISCOSSIOX 

It will be noted from the data of Table V and Figs 3, 4, and 5 that 
phenylalamne is the most active ammo acid for the reversal of the fuiyl- 
alamne inhibition of both yeast and Eschenchta colt growth This would 
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indicate that furylalamne, like thienylalanine, is an “antiphenylalanme” 
for these two organisms However, leucine, isoleucine, and tryptophan also 
have an appieciable effect on inhibition of yeast giowth by furylalamne. 
For the reversal of the inhibition of the growth of E coli, tyrosine and 
tryptophan had a high degree of activit}'- Tlus is similar to the effect that 
these amino acids have on the toxicity of thienylalanine Beerstecher and 
Shive (3) suggested that tryptophan is a precursor of phenylalanine for the 
stiam of E coh which they used m their work Just in what way the 

Table VI 


Comparison of Effects of fi-S-Thicnyl-nis-alamne and fi-S-Furyl-VL-alamne on Growth 
of Saccharomyccs ccrcmsiae and Escherichia colt 


riopttlics complied 1 

! 

For S cerevtstae 

1 

Tor E coh 



Thienylalanine 

rurylalanine 

Amount required for 50% 
inhibition of grovth 

42 5 7 

140 7 

1 SS 7 per 

6 0 ml ■ 

12 4 7 per 

7 2 ml 

Ratio, antagonist to phenyl- 
alanine for inhibition m 
presence of phenylalanine 

0 83 

2 0 

24* 

Not constant 

Ratio, antagonist to phenyl- 
alanine for reversal of in- 
hibition 

0 55 

1 83 

22* 

i g4* 

1 


Ammo acids reversing toMCity 



per cent 

per cent 

per cent 

1 per cent 

DL-Phcnylalanine 

loot 

loot 

loot 


L-Tyrosme 

Inactive 

Inactive 

140 

55 

DL-Trj'ptophan 

8 0 

12 0 

78 

42 

L-Lcucine 

13 2 (DL-) 

36 (L-) 

0 15 (DL-) 


DL-Isoleucine 

9 8 

13 

0 

0 4 


* Constant at higher levels only 

t In this comparison, the activity of phenylalanine is taken as 100 per cent 


ammo acids wluch showed an appreciable activity in counteracting the 
“antiphenylalanine” properties of furylalahme are related to phenylalamne 
remains to be determined 

A companson of the properties of tluenylalanine (2) and those of furyl- 
alanine shoiis that these two metabolite antagonists are acting in identical 
manners, tlus can be seen by the comparative data of Table VI, which 
indicate that /3-2-furyl-DL-alanme is approximately 30 per cent as active 
toiiard Saccharomyccs cerevisiae and 15 per cent as active toward Eschcr- 
tchta coh as /3-2-thienyl-DL-alanme 














D A CLAEK AND K DriTMEE 


321 


The authors wish to express their appreciation to Mrs Hester Purdy 
McNulty and iSIrs Chanmon McMillan for checking some of the micro- 
biological results 


SU5IMAIIT 

0-2-Fuiyl-Di,-alamne inhibited the growth of Saccharomyces ceremsiae and 
Escherichia call and phenylalamne reversed this toxicity To inhibit 
growth to 50 per cent of normal required 140 y and 12 4 y per 7 2 ml for 
yeast and Escherichia coh, respectively 
For Saccharomyces ceremsiae, L-leucme, Di/-tryptophan, and DL-isoleucme, 
although less effective than DL-phenylalanme, also counteracted the tox- 
icity of furylalamne, while DL-valme, DL-methionme, and DL-alanme were 
shghtly effective 

For Escherichia coli, L-tyrosme and DD-tryptophan were about half as 
effective as Dir-phenylalanme m counteractmg the toxicity of furylalamne, 
while DD-methionme, DL-isoIeucme, n-leucme, i/-cysteme, L-prohne, and l- 
histidme were shghtly active 

The “antiphenylalamne” properties of /5-2-furylalanme v ere found to be 
quite similar to those of ^-2-thienylaIamne 
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THE SYNTHESIS AND MICROBIOLOGICAL PROPERTIES 
OF TWO ISOMERIC NAPHTHYLALANINES* 

Bi ICAIIL DITTMER, WERNER HERZ,t and STANLEY J CRISTOL 
{From the Deparlment of Chemistry, Unuerstly of Colorado, Boulder) 

(Received for publication, October 10, 1947) 

If, in the indole ring of the tiyptophan molecule, the — ^NH — radical is 
replaced by the vinylene group, the isostenc j3-l-naphthylalamne is 
obtamed As part of a program for the preparation and microbiological 
mvestigation of S3Tithetic analogues of natural ammo acids, it was decided 
to study the mfluence of this compound and of the isomenc /9-2-naphthyl- 
alamne on the growth of rmcroorgamsms 
Both /3-1- and (5-2-naphthylalanme were first S3Tithesized by Kikkop (1) 
from the correspondmg aldehydes by condensation with hippunc acid, 
reduction, and subsequent hydrolysis Sasaki and Kmose (2) obtamed 
^-1-naphthyIaIanme by the diketopiperazme method (3), but no microbial 
growth inhibition studies have been reported 
Smce 1-chloromethylnaphthaIene and 2-bromomethylnaphthaIene are 
easily available, it ivas thought that apphcation of the recently developed 
acetamidomalomc ester (4, 5) and acetanudocyanoacetic ester (6) syntheses 
might result m good yields of the desired naphthylalanmes Accordingly, 
1-chloromethyInaphthaIene was condensed -mth ethyl acetamidomalonate 
m the usual fashion (4, 5) The intermediate was not isolated but was 
hydrolyzed immediately vith 48 per cent hydrobromic acid to give the 
desired amino acid m 74 per cent yield In an article appearmg after this 
work was completed, Erlenmeyer and Gfubenmann (7) reported the 5301- 
thesis of /3-1-naphthylaIanme through the same intermediate, which was 
then hydrolyzed 'vsnth alkali, but these workers claimed that acid hydrolysis 
was not as satisfactory Our results would mdicate that hydrolysis with 
48 per cent hydrobromic acid is as successful as alkahne hydrolysis 
The same ammo acid vas prepared m equally good jneld, by the use of 
ethyl cyanoacetamidoacetate The mtermediate, isolated m 98 per cent 
yield, was hydrolyzed by alkali to the ammo acid in 78 per cent yield 
Condensation of 2-bromomethylnaphthalene with ethyl acetamido- 
malonate and subsequent acid h}'drolysis of the mtermediate gave a 65 
per cent yield of /3-2-naphthylaIanme 

* This nork lias in part supported bi a research contract with the OITicc of Naval 
Research 

t Present addresa, Department of Cheraistrv Univereitj of Illinois, Lrbana, 
Illinois 
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Neither |3-l-naphthylalanme nor /3-2-naphthylalanine inhibited the 
giowth of EschencJna coh, Lactobacillus casei, Lactobacillus arabinosus 17-5, 
two strains of Neurospora, or Saccharomyces cerevisiae 

EXPERIMENTAL 

^-1-Naplithylalanine Synthesis with Ethyl Acetamidomalonate — 1 15 gm 
of sodium, punfied by being boiled in xylene, were added to 50 ml of 
absolute ethanol After the sodium had dissolved completely, 10 9 gra 
of ethyl acetamidomalonate and 9 2 gm of 1-chloromethylnaphthalene (8) 
were added The mixture was refluxed for 2 hours, cooled, and evaporated 
m vacuo to a syrup The residue was diluted with water and the water 
decanted after an hour The matenal lemainmg m the flask was boiled 
with 75 ml of 48 per cent hydrobiomic acid for 7 hours The hydrobro- 
mide which separated on coolmg the mixture was filtered, dissolved m 100 
ml of hot ivater, treated with charcoal, filtered, neutialized with ammo- 
mum hydroxide, and cooled 8 gm , representmg a 66 per cent yield of 
j8-l-naphthylalanine, separated 

Synthesis with Ethyl Cyanoacetamidoacetate — To 50 ml of absolute 
ethanol contaimng 1 15 gm of sodium and 7 8 gm of ethyl cyanoaceta- 
midoacetate were added 9 2 gm of 1-chloromethylnaphthalene After 
bemg refluxed for 2 hours, the mixture was cooled and evaporated to a 
small volume in vacuo The residue was stirred with water and the water 
decanted after an hour, the syrup sohdified overnight On recrystalliza- 
tion from an ethanol-water mixture, 15 8 gm of white crystals, m p 
125° (uncorrected), of ethyl a-acetaimdo-Q:-cyano-/3-(l-naphthyl)-propionate 
were obtained in 98 per cent yield 

CisHisN-Oj (310 4) Calculated, N 9 03, found, N 9 14 

To li 3 ’’drolyze the intermediate, 10 gm were refluxed for 17 hours with 
80 ml of water containing 10 gm of sodium hydroxide The solution was 
cooled, neutralized to pH 5 to 6 with dilute hydrochlonc acid, and chilled 
The product was punfied by treatment wuth charcoal m acid aqueous solu- 
tion and recovered after neutralization wuth ammonium hydroxide, 5 2 gm 
of /3-1-naphthylalanme being obtained Aftei one more recrystalhzation 
from hot water, the substance melted at 240° (capillary), as reported by 
ICikkoji (1), and at 266° wuthm 3 seconds on the Dennis melting point bar 

CijHi:NO- (215 2) Calculated, N G51, found, N 6 44 

Ethyl 2-Naphthylmclhylacetamidomalonate — To 0 89 gm of sodium dis- 
solved in 30 ml of absolute ethanol there w ere added 8 5 gm of eth)d 
acetamidomalonate and, m one poition, 8 5 gm of 2-bromomethylnaphtha- 
lene (9) Heat was developed immediately The mixture w'^as refluxed for 
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2 hours, cooled, evaporated to small volume in vacuo, and extracted with 
water The yield of ethyl 2-naphthylmethyIacetamidomaloiiate was nearly 
quantitative, having a meltmg pomt of 126° after recrystalhzation from 
ethanol, m which it was partially soluble m the cold 

C oH jiSTOs (357 4) Calculated, K 3 96, found, N 4 03 

P-2-NaphthyMamne — 12 gm of ethyl 2-naphthylmethylacetamidomalo- 
nate were heated under a reflux for 12 hours with 70 ml of 48 per cent 
hydrobromic acid and filtered The product was dissolved m 100 ml of 
hot water, treated with charcoal, filtered, and neutralized with ammomum 
hydroxide The ammo acid was washed with cold water, ethanol, and 
ether In addition to the 4 gm of 2-naphthylalanme obtained m this 
manner, 0 7 gm was recovered from the hydrobromic acid filtrate, after 
treatment with charcoal and neutrahzmg with concentrated ammomum 
hydroxide, by the addition of alcohol The pure ammo acid had a meltmg 
pomt of 262° -when heated rapidly m a capillary tube, and melted at 268- 
272° withm 3 seconds on the meltmg pomt bar This compares with a 
meltmg pomt of 263-264° given by Kikkoji (1) 

CuHuNOs (215 2) Calculated, K 6 51 , found, N 6 61 

Microbiological Studies — The growth of Escherichia coh (Amencan Type 
Culture Collection, stram 9723) and Saceharomyces cerevmae (Fleischmann, 
stram 139) was not inhibited by either of the two naphthylalanmes m 
concentrations as high as 1 mg per 7 5 ml of culture media Likewise, 
these ammo acids at concentrations of 1 mg per 10 ml of medium did not 
inhibit the growth of a wild stram of Neurospora (Abbott, stram 4A), and 
the mutant Neurospora crassa (Amencan Type Culture Collection, stram 
9278) When Lactobacillus casei (Amencan Type Culture Collection, stram 
7469) and Lactobacillus arabinosus 17-5 were grown m the presence of 5 7 
of tryptophan, which is enough for about 25 per cent of maximum growth, 
the addition of these two naphthylalanmes did not inhibit the growth 
i3-2-Naphthylalanme did not stimulate the growth of these two orgamsms, 
whereas a concentration of 1 mg per 10 ml of medium of the jl-l-naphthyl- 
alanme m the presence of 5 7 of tryptophan showed very slight stimulation 
1 mg of ^-1-naphthylalamne mcreased the growth equivalent to that 
obtamed with 2 to 5 7 of tryptophan 

The authors are mdebted to Dr Herschel K MitcheU of the Cahforma 
Institute of Technology, who supphed the cu'ture of the wild stram of 
Neurospora (Abbott, stram 4), and to ;Mrs Charmion McMillan and Mrs 
Hester Purdy McNulty, who earned out the imcrobiological assays 
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SUMMARY 

/3-l-Naphth3^1alanme and /3-2-naphth5dalanme have been s 3 ’-nthesized by 
the acetamidomalonic estei method m 74 and 65 pei cent yield, lespectively 
The two compounds did not inhibit the giovth of Escherichia coh, Sacchar- 
omyces ceievisiae, two stiains of Newospow, Lactohacilhis casei, or Lacto- 
bacillus arahinosiis 
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THE ISOLATION OF HIGHLY POLYMERIZED DESOXY- 
PENTOSENUCLEIC ACID FROM 
YEAST CELLS* 

Br ERWIN CHARGAFP and STEPHEN ZAMENHOFf 

{From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 

University, New York) 

(Received for publication, December 15, 1947) 

The nucleic acids occurring in natuie are, by convention, divided into 
two groups, the deso\ypentose and the pentosenucleic acids, whose desig- 
nation emphasizes a difference m then- sugar constituents The extent, 
however, to w^hich this classification denotes an actual dichotomy rather 
than a convenient piocess for the descnption of a large number of dif- 
ferent chemical entities is still subject to conjecture It appears a mattei 
of real importance to determine whether nucleic acids m general agree 
with the patterns developed m gi eater detail for the desoxyribonucleic 
acid of calf thymus and the nbonucleic acid of yeast A comparative 
chemical study of the two nucleic acids isolated from the same cellular 
matenal would, in this connection, seem to be one of the most attractive 
problems 

Among the various microorgamsms which can be considered as the start- 
mg matenal for the preparation of desoxypentosenucleic acids, yeast is 
for several reasons one of the most mteresting As yeast nbonucleic acid 
has been studied extensively, this would offer an opportumty to compare 
the tivo acids from the same source Moreover, since yeast is one of the 
most wodely explored orgamsms with respect to its metabohc activities, 
the general problem of nucleic acid metabohsm could be approached, once 
methods for the isolation fiom yeast of both types of nucleic acid aie made 
available Finally, yeast is easily obtamed m large quantity 

The piesence m yeast cells of defimte chromosome-like elements demon- 
strable by the nucleal stam of Feulgen has been knowm for some tune 
(1-6) There seems, however, to be only one report m the literature (7) 
on the pieparation from yeast, with the use of strong alkah, of a nucleic 
acid said to be similar to thjmionucleic acid The evidence is difficult 
to appraise, smce the substance, chaiactenzed by a qualitative desoxy- 
pentose test and presumably degraded because of the method of isolation, 

* This 11 ork has been supported bj a research grant from the Umted States Public 
Health Service 

t This report is from a dissertation to be submitted by Stephen Zamenhof in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia Umversity 
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was obtained in a yield much higher (about 20 gm pei kilo of yeast) than 
can be reconciled with the figures submitted m the piesent papei (less than 
400 mg per kilo of yeast) 

This communication will descnbe the isolation of the highly polymenzed 
desoxypentosenucleic acid of yeast * A veiy efficient crushing of the cells 
proved essential for success The chemical composition of this substance 
will be leported later Smce the proceduies used avoided diastic opera- 
tions, material of this kmd should lend itself to a number of interesting 
biological applications 

The methods of isolation employed lepiesent, of couise, a combmation of 
many known piocedures, but it is the sequence of their application that has 
proved impoi tant m the present study It must be remembei ed that yeast 
cells, contammg almost 50 times as much pentose as desoxypentosenucleic 
acid, probably lepiesent an extreme case as regaids the isolation of the 
lattei compound 

The undegraded desoxypentosenucleic acid of yeast is in its physical 
characteristics reminiscent of the highly polymenzed thymonucleic acid 
isolated by the Hammaisten procedure (8) It is, howevei, hard to con- 
ceive of two maciomolecular substances, s 3 aithesized m as different cellular 
systems as calf thymus and yeast, as being identical, although, in the ab- 
sence of immunological oi moie lefined chemical methods, a strict decision 
may not yet be possible (Foi a lecent discussion of some of these piob- 
lems, compaie (9) ) 

Recent estimates of the desoxypentosenucleic acid content of seveial 
micioorganisms (staphylococci, typhoid bacilli, Eschenchia coh) have given 
values of 3 to 4 per cent of the dry weight, the pentosenucleic acid figures 
were about twice as high (10) An entiiely diffeient distiibution is found 
in yeast, here, desoxypentosenucleic acid amounts to no moie than about 
0 15 per cent of the dry cells and the ribonucleic acid content is 30 to 50 
times as high This wide vanation within umceUular oigamsms suggests 
that the desox j'^pentosenucleic acid molecules of the cell may not all have 
the same biological function 


EXPERIMENTAL 

Isolahon of Desovypentosemicletc Acid 

Extrachon - — 1 kilo of fresh bakers’ yeast was washed with 1 htei of 0 1 
M sodium citrate (pH 7 3) The yeast cells, recovered b}’’ centnfugation, 

• In the course of the present studies the observation was made that commercial 
jeast nucleic acid contained about 2 per cent of depolymerized desovypentose- 
nucleic acid A supplementary description of the procedure for the preparation of 
such material Mhicli, although degraded, may be of interest for chemical studies on 
jcast desoxypentoscnucleotides also has been included here 

- The experiments were carried out in the cold and at an about neutral pH 
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were suspended m 180 cc of the sodium citrate solution^ and the thick 
suspension was passed through an ice-cooled wet crushmg mill for bactena 
(13), constructed by Umcam Instruments, Ltd , Cambridge, England 
Each 50 cc portion was ground for 30 mmutes Followmg dilution with 
590 cc of sodium citrate, the crushed suspension was centrifuged for 2 
hours at 4000 r p M Two sohd layers sedimented underneath a very 
opalescent supernatant (915 cc ),* a bottom layer of mtact cells and an 
upper layer of cellular fragments The microscopic exammation of the 
stamed (5) debris revealed the presence of chromosome-like bodies closely 
resembhng the elements demonstrable by the Eeulgen techmque m mtact 
yeast cells A separate determmation showed that about 55 per cent of 
the cells had actually been crushed 

The upper sohd layer consistmg of cellular fragments (485 cc ) was sus- 
pended in 850 cc of ice-cold m sodium chlonde solution of pH 6 3 (14, 15) 
The slimy rmxture w as kept m the refngerator for 72 hours and then cen- 
trifuged at 4000 B p M for 2 hours ® The rapid addition of 2 volumes of 
chilled absolute ethanol to the very viscous supernatant^ resulted m the 
precipitation of w hite threads that could easily be w ound on a glass rod 
and thereby separated from a granular precipitate suspended m the mother 
liquor The threads w'ere washed thoroughly by successive immersion m 
three portions of 73 per cent ethanol, dramed, and redissolved m 300 cc 
of u sodium chlonde with the use of a high speed mixer 

The turbid solution w'as freed of protem by bemg sturred m a high speed 
mixer with one-third of its volume of a 9 1 mixture of chloroform-octyl 
alcohol (16) for 5 mmutes, followed by centrifugation at 4000 e p m for 
1 hour After eight treatments the solution was free of protem and gave no 
biuret test (17) ’’ At this stage, it was found to contam 0 6 mg of desoxy- 
pentosenucleic acid per cc , correspondmg to a total of 180 mg m the 
ongmal 300 cc of solution 

The addition of 2 volumes of ethanol to the clear protem-free solution 

• The use of sodium citrate is based on the observation that desoxjTibonuclease 
requires magnesium ion (11, 12) and can be inhibited by sodium citrate (12) 

* A study of some of the components of the supernatant, earned out in collabora- 
tion with Dr M A Nyman, w ill be presented later 

‘ It hardly pays to ree\tract the sediment mth Jt sodium chlonde, the recovery 
of an additional 8 per cent of the total desoiiypentosenucleic acid content is set off 
by the introduction of more contaminating material 

•The viscous sodium chlonde solution appears sensitive to temperature From 
a solution stored at room temperature for several hours, long fibers can no more be 
obtained by precipitation with alcohol 

’ The reextraction with it NaCl of the combined chloroform gels resulting from the 
deprotcimzation, followed by the renewed treatment with chloroform of the extract, 
jielded some additional dcsoxiTientosenucleic acid, this, however, amounted only 
to 6 per cent of the recoverable total 
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again produced white threads that were spooled on a rod, as described 
bef 01 e An additional amount of fibi ous nucleic acid could be i ecovered by 
lewoiking the gianulai piecipitate lemainmg in the mother hquor 
Punficahon — ^^Vhen the tlueads obtained by the above proceduie were 
analyzed, they weie found to contam onl}’- 19 per cent of desoxypentose- 
nucleic acid, the lemamdei consisted of nbonucleic acid (64 per cent) 
and of a polysaccharide whose piincipal constituent seemed to be mannose, 
as shovm by a coloi reaction lecently desciibed (18) The best procedure 
for the punfication was found to be one that made use of the difference in 
solubility of the calcium salts of the two nucleic acids It was m part 
patterned after the method developed for the separation of the pneu- 
mococcus-transforming agent from pneumococcal polysaccharide (19) An 
electrophoretic separation method also was found possible, but it was 
accompanied bj’’ much greater losses ® 

The well drained threads were taken up m 20 cc of neutral 10 per cent 
aqueous calcium chloride and the viscous milky solution was clarified by 
centrifugation at 20,000 rpm foi 2 hours The sediment was twice 
washed, under the same centrifugal conditions, vuth 6 cc portions of 10 
per cent CaClo The slow addition of 0 2 to 0 3 volume of cold absolute 
ethanol to the combined clear supernatants (32 cc ) brought about the 
separation of white fibeis that were lifted m the usual mamiei and washed 
twice with 10 per cent calcium chloiide solution containing 0 3 volume of 
ethanol 

This fraction was contaminated ivitli about 20 per cent of nbonucleic 
acid which could be removed by enzjTnatic digestion To a solution of 
the precipitate in 45 cc of 0 2 m sodimn borate buffer of pH 7 8, 1 5 mg 
of crystalline iibonuclease® were added The solution was subjected 
to dialysis at room temperature against two changes of 2 liter portions of 
the borate buffer for 14 hours, against running tap ivater for 17 horns, and, 
finally, against several changes of ice-cold distilled water for 26 hours 
Then it was again depiotemized, as described before, and evaporated in 

These experimcntfa are perhaps of interest by pioviding an example of the differ- 
ence in electrophoretic mobilities (compare (20)) of the two nucleic acids which in 
this case were derived from tlic same source When the mixture was subjected to 
electrophoresis in 0 02 m phosphate buffer of pH 7 4 (containing 0 15 m NaCl), throe 
components could be discerned w ith the following descending mobilities I, —16 0 X 
10 II, — 12 1 X 10“^, III, almost stationary The electrophoretic separation yielded 
two fractions the faster component consisted of desoxypentosenucleic acid with an 
admixture of only 13 per cent of nbonucleic acid, and the slower component (II) was 
mainlj nbonucleic acid with about 18 per cent of the dcsoxypentose compound We 
arc gi ateful to Dr D II Moore for these and other electrophoresis experiments 
® e arc grcatlj indebted to Dr M Kunitz of the Rockefeller Institute, Princeton, 
Now Jersey, for this enz 3 mie preparation 
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the frozen state m a vacuum (If the preparation js to be used for biolog- 
ical experiments, it may be preferable to precipitate it with alcohol from 
its solution m the presence of an electrolyte, such as sodium acetate, in- 
stead of recovenng it by the e\ aporation of the frozen solution ) 

The sodium sail of desoxypentosenucleic acid thus obtamed weighed 105 5 
mg It formed a white fluff u hich was readily soluble m water, giiong a 
clear viscous solution The biuret reaction was negative 
Analytical Composition — The desoxypentosenucleic acid content was 
determmed colonmetncally bj means of the reaction with diphenylamme 
(21) or with cysteme (22) A particular^ veil purified sample of potas- 
sium desoxynbonucleate of calf thymus, prepared b}' a procedure to be 
descnbed later, served as the standard The nbonucleic acid content v as 
estimated by means of the orcmol reaction (23), correction being made for 
the color produced with orcmol by the desoxy sugar A punfied prepara- 
tion of yeast nbonucleic acid was used as the standard 
Colonmetnc methods served for the estimation of the hexose content 
(24) of the small amount of polj saccharide impuntj’’, probabb' mainl}’' 
mannan which is known to occur m the yeast cell wall, and of the phos- 
phorus content (25) Nitrogen was determmed by the micro-Kjeldahl 
method 

The particular preparation of the sodium salt of desoxj'pentosenucleic 
acid whose isolation from j-’east has been descnbed m detail m this paper 
had the foUov mg composition N 14 0, P 8 3, desoxypentosenucleic acid 
91, nbonucleic acid 3 4 per cent The N P percentage ratio, therefore, 
was 1 69, the atomic latio 3 73 As was already reported m part m a 
preliminary note (26), different preparations vaned between the foUowmg 
percentage figures N 13 3 to 14 0, P 8 3, desoxj’pentosenucleic acid 86 
to 91, nbonucleic acid 3 1 to 5 6, polysacchande (mannan) 5 to 10 
Yield — If account is taken of the facts reported before, namely that 
about 55 per cent of the 1000 gm of yeast processed actually had been 
crushed and that the ongmal extract obtamed comprised 180 mg of des- 
ox3T3entosenucleic acid, the 3 neld m pure sodium desoxypentosenucleate 
amounted to 53 per cent of the total An additional 20 per cent of nucleic 
acid maj^ be recovered bj^ reworkmg the granular precipitates, as was 
mentioned before The total amount of desox3T3entosenucleic acid ex- 
tracted under the preparatoi^'' conditions descnbed corresponded to 0 033 
per cent of the wet weight of the crushed cell portion 

Physical Properties 

Vllraviole’ Absorption — ^The absorption spectrum, determmed wnth a 
0 006 per cent solution of the sodium desoxjTientosenucleate m distilled 
water b}-- means of a Beckman photoelectnc quartz spectrophotometer, is 
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reproduced in Fig 1 Tlie mannei m which the extinction values aie 
plotted as the ordinate requires explanation When more data on nucleic 
acids of different oiigin become available, a comparison of their extmction 
characteristics will be of importance Since the particle weights of these 
macro molecules aie known only vaguely and pieparations of diffeient 
degrees of puiity may have to be compaied, the best expression would 
appear to be one that is based on the P content of the particular substance 
For this reason, the values were plotted as e(P), which may be defined as 



Fig 1 Ultraviolet absorption of yeast sodium desoxypentosenucleate in distilled 
atcr 

the atomic extmction coefficient with respect to phosphoius, viz e(P) = 
30 9SF/cZ, wheie E is the extmction, c the phosphoius concentiation of 
the solution m gm pei liter, and I the thiclcness of the absorbing lajer in 
cm 

Tlie sodium salt of desoxypentosenucleic acid exhibited an absorption 
maximum at 2G0 mp, a minimum at 232 m^, with e(P) values of 6056 and 
2485 respectn el}’’ Anothei preparation had a maximum €(P) value of 
6210 at 260 mp 
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EleciTophorelic Mdbilily — -When examined m the Tiselius cell at 1 5°, 
the solution of the substance m 0 02 m phosphate buffer (containmg 0 15 
M NaCl) of pH 7 4 exhibited one sharp peak with an ascending mobility 
of —15 7 X 10~^ sq cm per volt per second 
Viscosity — ^The determmations were earned out m Ostwald-Fenske 
viscosit 5 ^ pipettes (water value 10 8 seconds) at 30 3° The specific vis- 
cosities, ri,p, for different preparations (with the percentage concentration 
m distilled water given m parentheses) were 3 7 (0 09), 5 6 (0 12), and 5 9 
( 011 ) 

Of one preparation, the specific viscosities (2 7 to 0 2) of a senes of 
very dilute solutions were determined When the value of 0 55 cc per 
gm for the apparent specific volume was used, which has been reported 
for thymonucleic acid (27), the viscosity increments could be calculated 
and plotted against the volume fractions of the solute In this manner a 
viscosity mcrement of 7500 for zero concentration was obtained by extra- 
polation which, if the equation of Kuhn (28) is employed, would corre- 
spond to an axial ratio of about 350 This value, certainly open to more 
than the usual objections, w'lll at least mdicate the order of magmtude 
Diffusion — ^The diffusion constant was measured in diffusion cells that 
differed mainly by their smaller size from those desenbed by Northrop 
and Anson (29) Three cells, previously calibrated by means of a 0 1 m 
potassium chlonde solution (30, 31), were filled with, a 0 19 per cent solu- 
tion of the sodium salt of the yeast desoxypentosenucleic acid m distilled 
water A fourth cell, similarly cahbrated contamed a solution of sodium 
thymonucleate (8) of the same concentration 
The diffusion was pennitted to proceed against distiUed water at 20° 
for 7 days, when the outside flmds were concentrated in vacuo to a small 
volume and analyzed (21) for their desoxypentosenucleic acid contents 
The diffusion constants found were 1 11, 1 09, and 1 07, giving an average 
value of Hjo = 1 1 X 10“’ sq cm per second for the nucleic acid from 
yeast The same value, D 20 = 1 1 X 10“’, was found for thymonucleic 
acid 

Eslimalion of Total Extractable Desoxypentosenucleic Acid 

When a suspension of 30 gm of bakers’ yeast m citrate solution w'as 
thoroughly crushed by bemg passed through the bactenal mill for 70 
minutes, dry weight determmations of the several fractions showed that 
25 5 gm (85 per cent of the cel s), correspondmg to a dry weight of 7 61 
gm , had been dismtegrated The extraction of the cell d4bns with two 
portions of m sodium chlonde, the precipitation with ethanol, and the de- 

“ The diffusion behavior of thymonucleic acid has been studied by Tennent and 
Vilbrandt (27) 
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proteuuzation, as desciibed above, yielded a solution containing (22) a 
total of 11 3 mg of desoxypentosenucleic acid This coi responds to a 
minimum content of 0 044 1 cells oi of 0 15 per cent of the 

dry weight Jeener and Biachet (32) recently estimated the content as 
0 03 per cent of the wet weight 

The ribonucleic acid content of diy bakeis’ yeast has been repoited as 
aiound 6 9 pei cent (33), i e , about 46 times as high as the desoxypentose- 
nucleic acid content submitted here Wliethei the amount of desoxy- 
pentosenucleic acid is changed for yeast cells in the budding stage is not 
yet knovm 

The average wet weight of a yeast cell, determmed by microscopical 
measuiements on hving cells and by the estimation of the numbei of cells 
pel gm of yeast cake, was found as 7 5 X mg Each cell contained, 
theiefoie, an average of 3 3 X 10~‘* mg of desox3^p3ntosenucleic acid, i e , 
about one-thiitieth of the amount reported for thymus cells (34) 

Preparation of Depolymenzed Desovypentosenucleic Acid fiom 
Commercial Yeast Nucleic Acid 

A suspension of 40 gm of yeast nucleic acid (Schwaiz Laboi atones, 
Inc , New York) in 300 cc of distilled watei was agitated m a high speed 
mixei foi 5 mmutes and the insoluble lesidue leexti acted m the same 
mannei The combined supernatants (90 minutes at 4000 r p m ), made 
strongly alkaline (pH 13 8) with 30 pei cent sodium h 3 ’'di oxide, weie kept 
overnight at 30° The addition of 2 volumes of ethanol to the neutialized 
solution produced a piecipitate which was dissolved in 40 cc of alkali and 
again kept overnight at pH 13 8 The solution, adjusted to pH 7 5 with 
acetic acid, deposited ciude sodium guanylate which was centiifuged off 
The supernatant was subjected to dialysis against lunning watei for 72 
hours winch lemoved most of the iibonucleotides The solution was 
made 1 m vnth respect to sodium acetate and the ciude sodium desoxy- 
pentosenucleate precipitated bj'' the addition of 2 volumes of ethanol The 
piecipitate was washed with 80, 95 per cent, and absolute alcohol and with 
etlioi and dried in vacuo It weighed 165 mg (0 4 per cent of the yeast 
nucleic acid used) and foimed a light blown, hygioscopic powdei contam- 
ing N 12 1, P 8 5, desoxypentosenucleic acid 79, and iibonucleic acid 6 pei 
cent 


SUMMARY 

The isolation from yeast cells of highly polymeiized desoxypentosenucleic 
acid b}' a procedure avoiding drastic operations and enzymatic degiada- 
tion is desenbed Some of the phj^sical characteristics of this substance, 
demonstiatmg its high degree of asjmimetrj’’, are discussed The total 
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amount of desoxypentosenucleic acid extractable from bakers’ yeast is 
estunated as 0 044 per cent of the wet cells A brief descnption of the 
preparation from commercial yeast nucleic acid of a specimen of depolym- 
enzed desoKj^pentosenucIeic acid is included 
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N-ACYLATED AKD K-AIETHYLATED 
GLYCYLDEBnfDROALANINE 
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(From the National Cancer Institute, National Institute of Health, Bethesda, Maryland) 
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Earlier studies have shown that a vanety of synthetic dehydropeptides 
are eniymatically hydrolj’^zed m aqueous extracts of several animal and 
plant tissues (1-4) The substrates used were dipeptides, in which dehy- 
droalanyl or dehydrophenylalanyl residues were N-acylated with glycyl, 
chloroacetyl, or acetyl radicals 

Glycyldehydroalanine is rapidly hydrolyzed in digests of all tissue prepa- 
rations studied, yielding equivalent amounts of ammonia and pyruvic acid 
(2) This substrate possesses a free a-amino group on the glycyl radical 
The purpose of the present study is to observe any relation between the 
mtegnty of this group and the susceptibihty of the substrate to enzymatic 
attack Chloroacetylglycyldehydroalanme, glycylglycyldehydroalamne, 
N-methylglycyldehydroalamne, and chloroacetyl-N-methylglycyldehydro- 
alamne were synthesized and studied in certam rat tissue digests 

In the course of the sjmthetic studies, the unexpected observation was 
made that methylamme or dimethylamme reactmg m excess with chloro- 
acetyldehydroalanine would, under the circumstances, not only replace the 
halogen but also substitute at the double bond 

EXPERIMENTAL 

Chloroace'ylglycyUehydroalamne — 14 4 gm of glycyldehydroalamne (4) 
were dissolved m 50 cc of chilled 2 n NaOH, and with further chiUmg 
treated alternately in four portions with 13 5 gm of freshly distilled chloro- 
acetyl chlonde and 60 cc of 2 n NaOH The mixture was brought to pH 
2 by addition of 5 n HCI and evaporated in vacuo to half of its volume The 
product crystalhzed from the concentrate on chilling and scratchmg 
Yield, 12 5 gm It was twice crystalhzed from the mimmum amount of hot 
water, from which it separates on coohng m the form of long needles, m p 
177° with decomposition 

CiHtOiNjCl Calculated, N 12 7, Cl 16 1, found, N 12 4, Cl 15 8 

Glycylglycyldehydroalanine — 3 gm of chloroacetylglycyldehydroalamne 
were dissolved in 30 cc of ammoma water saturated at 5°, and the solution 
allowed to stand at 25° for 3 days The solution was then evaporated to 
drjmess tn vaciw and the residue triturated with absolute alcohol to remove 
ammomum chlonde The residue was taken up m the minimum amount 
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of hot water, and the product precipitated by addition of a moderate excess 
of absolute alcohol Reciystallization of the compound by dissolving in 
hot watei followed by addition of hot alcohol lesulted m the separation of 
long glistening pi isms, m p 184° with decomposition 

CrHuO^Ns Calculated, C 41 8. H 5 5, N 20 9, found, C 41 5, H 5 6, N 20 4 

N-Methylglycyldelnjdioalamne — 50 gm of chloioacetyldehydroalanme (4) 
weie dissolved in 500 cc of chilled 25 pei cent aqueous methylamme, and 
the lesultmg solution kept at 0-5° foi 48 houis At the end of this period 
the solution was evapoiated in vacuo, at a tempeiatuie never highei than 
20°, to a thick sjuiip The syiup was taken up in 100 cc of cold distilled 
watei, tieatcd with 10 cc of glacial acetic acid, and 1 liter of absolute alco- 
hol was added N-Methylglycyldely'-droalanine cr 3 '^stalhzed fiom the 
mixtuie as flat pi isms Aftei filtei mg, washing with alcohol and ethei , and 
finallj’- di 3 '’ing, the product weighed 14 gm It was lecrystalhzed fiom a 
mixture of hot water and alcohol from which, on cooling, it sepaiated in 
glistening, laige pi isms, m p 177° with decomposition 

CoHioOaN; Calculated, C 45 6, H 6 3, N 17 7, found, C 45 6, H 6 3, N 17 6 

At highei tempeiatuies, some substitution of methylamme at the double 
bond of the dehydiopeptide appaiently occuis When 50 gm of chloio- 
acetyldeltydioalanine weie dissolved in excess aqueous meth 3 damine as 
above, with no attempt at external cooling, the solution became quite 
waim The solution was allowed to stand at 25° for 4 days, and was then 
evapoiated m vacuo at 40° to a thick, yellowush oil The oil w^as taken up 
with absolute alcohol once oi twuce and evapoiated again m a boiling watei 
bath On shaking w'lth an excess of absolute alcohol in the cold foi seveial 
hours, the oil became gianulai and could be readily filtei ed Aftei washing 
wuth alcohol and ethei, the diied product w’^eighed 35 gm It was puiified 
b 3 ’ dissolving in the minimum amount of cold watei, filtei ing, and adding 
absolute alcohol in modeiate excess to the filtiate A white oil sepaiated 
w'hich lapidb’’ cn^stalhzed in sheaves of long, naiiow piisms Yield, 28 
gm , m p 183° wuth decomposition 

Aqueous solutions of the compound aie slightly acid to litmus and alka- 
line to Congo led Such solutions do not decoloiize added biomine, and 
show onl 3 " a slight, geneial, and non-specific absoiption in the ultraviolet 
A hca\ v piecipitate ot silvei chloiule occuis Avhen the solutions aie tieated 
with nitiic acid and silvei nitiate Elemental analysis indicates that not 
onh was the chloiine atom in chloioacetyldelydioalanine substituted by a 
metlylamino residue but that anothei methylamino residue w^as added to 
the compound as well A monolydiochloiic acid salt would consequentl 3 ’’ 
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be formed Tlie close agreement between tbe observed analj tical data and 
those calculated for such a compound is revealed as follows 

C HisOjNj + HCl Calculated C 37 2, H 7 1, N 18 7, Cl (ionic) 15 7 
Found " 37 1, “ 6 6, “ 18 4, “ “ 15 5 

The methj lammo residue might saturate the double bond of chloroacetyl- 
deh 3 'droalanme in two waj-s, ( 1 ) by forming an a-N-methylgljmylammo-a- 
N-methylaminopropionic acid hydrochlonde or (2) by forming an N- 
meth 3 dgl 3 mjd-a-amino-; 3 -meth 3 ’'laminopropiomc acid h 3 ’’drochlonde Both 
compounds w ould 3 'ield the same anatytical results It is improbable that 
the prepaiation could be related to the former compoimd because of the 
instabdity of such types of compounds m w ater, w hereby pyruvic acid and 
ammonia are rapidl 3 '’ formed (5) The probabilit 3 ’^ that the preparation 
would be descnbed b 3 ' the latter alternative arises from the fact that 
whereas the intact preparation 3 uelds no mtrogen after treatment with 
nitrous acid for 5 minutes the hydrolysate obtamed after boiling 75 micro- 
moles of the preparation m 2 n HCl for 2 hours 3 aelds 95 per cent of the 
equivalent amount of a-amino mtrogen O^an Slyke) No ammoma, 
meth 3 damme, or p 3 ’’ruvic acid was present in the h 3 ’^drolysate, and the mole 
of a-amino mtrogen released per mole of compound must have been denved 
from the h 3 'drol 3 sis of a single, saturated peptide bond 

In our experience, when chloroacetyldehydroalanme is treated with an 
excess of aqueous ammonia, whether at 5° or at 25°, glyc 3 ddehydroalamne 
in a yield of close to 80 per cent is invariably formed Treatment of chloro- 
acetyldeh 3 '^droalanme at low temperatures with an excess of meth 3 damme 
leads to the formation of N-methyIglyc 3 ddehydroalanme in 3 uelds of about 
20 to 30 per cent, and at higher temperatures to 3 uelds of 50 to 70 per cent of 
a saturated peptide whose composition and properties appear to relate it 
to N-methylglyc 3 d-a-amino-| 3 -methylainmopropiomc acid h 5 ’’drochloride 
T\Tien chloroacet 3 ddehydroalanme is treated with an excess of an aqueous 
solution of dimeth 3 lamine, whether at 5° or at 25-40°, there is formed a 
saturated compound in about a 40 to 60 per cent yield (depending upon the 
temperature), whose composition and properties appear to relate it to an N,- 
N-dimeth 3 lglyc 3 d-a-amino-/ 3 -dimeth 3 daminopropiomc acid h 3 '^drochlonde 
A t 3 ^pical preparation is as follows 

11 gm of chloroacet 3 ddehydroalamne were dissolved in 120 cc of chiUed 
30 per cent aqueous dmieth 3 damme, and the solution kept for 48 hours in 
the ice chest at 5° It wms then exmporated to a low bulk tn vacuo at 20°, 
and the residue was treated with an excess of absolute alcohol The pre- 
cipitate was filtered, dissohed in water, and ciystallized b 3 the careful 
addition of alcohol Repetition of the procedure 3 ’ielded 5 5 gm of a prepa- 
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ration which appeared in the form of long prisms, m p 155° with de- 
composition 

CtHisOjN, + HCl Calculated C 42 6, H 7 8, N 16 6, Cl (ionic) 14 0 
Found “ 42 7, “ 7 8, “ 16 3, “ “ 13 8 

Aqueous solutions of the compound are slightly acid to litmus and alka- 
hne to Congo red Such solutions do not decolorize added bromme, and 
show only a shght, general, and non-specific absorption in the ultraviolet 
The mtact preparation yields no nitrogen after treatment with nitrous acid 
for 5 mmutes, but, as m the case of the methylamme substitution product, 
the hydrolysate obtained after boihng 75 micromoles of the preparation in 
2 N HCl for 2 hours yields 95 per cent of the equivalent amount of a-amino 
nitrogen (\'’an Slyke) 

The ease of addition or substitution of such simple ammes at the double 
bond of the dehydropeptide was quite unexpected More exact studies of 
the conditions under which this phenomenon occurs, and the rates at which 
the reaction proceeds, will be the subject of a future communication 

Chloroacelyl-N-methylglycyldehydroalamne — 15 8 gm of N-methylglycyl- 
dehydroalamne were dissolved in 50 cc of 2 n NaOH, chilled, and treated 
alternately vuth 13 gm of freshly distilled chloroacetyl chloride and 60 cc of 
2 N NaOH The mixture was acidified to a Congo blue reaction with 5 n 
HC l and evaporated to one-half its volume zn vacuo On chilhng and 
sciatchmg, a voluminous crystallization of the product occurred The 
compound was crystallized twice from hot water, from which it sepaiates 
m the form of long needles Yield, 8 2 gm , m p 152° with decomposition 

C 8 Hi, 04 N 2 CI Calculated C 40 9, H 4 7, N 11 9, Cl 15 2 
Found " 40 9, “ 4 6, “ 12 0, “ 15 1 

Attempts to prepare the corresponding glycyl-N-methylglycyldehydro- 
alamne by treatment of the chloroacetyl derivative with excess ammonia 
were unsuccessful A yellowish led gum was obtamed from which no 
crystalline matenal could be derived ^ 

Ultraviolet Absorption Spectra — All of the acylated and methylated de- 
hydropeptides prepared possess the chaiacteristic absorption in the ultra- 
violet of this class of compounds (3, 4) (Fig 1) The band at 2400 A for 
the substituted dehydropeptides is not so pronounced as for glycyldehydio- 
alanine since, with increasing length of the peptide chain, there is more ab- 
sorption at the shorter wave-lengths 

Enzymatic Studies — The peptides were incubated with buffered, fresh 
aqueous rat tissue extracts as described earlier (4) The digests consisted 

1 Chloroncctjlgljcinc and chloroacetylglycylglycine were prepared and purified 
as described (6) 



V E PRICE AND J P GRBENSTEIN 


341 


of 1 cc of aqueous tissue extract, plus 2 cc of 0 15 M borate buffer at pH 
8 1, plus 1 cc of either water or 0 025 m substrate solution Stock solutions 
of the substrates were brought to pH 7 0 by addition of dilute NaOH The 
substrates were completely stable in the presence of boiled extracts Dehy- 
dropeptidase activity was measured as before in terms of the micromoles 
X 10 of ammonia N evolved over the extract blanks per hour per mg of 
total jST m the extracts (4) No ammoma was evolved from the glycyl resi- 



A 


Pro 1 Ultraviolet absorption spectra of compounds at 1 7 X 10“< m concentration 
in water □, chloroacetylglycyldehydroalanine. A, glycylglycyldehydroalanine, 
O, chloroacetyl N-methylglycyldehydroalanine, •, N-methylglycyldehydroalanine 

dues The ammoma measured was derived from the hydrolysis of the 
termmal dehydroalanyl residue as follows 

(1) RNHCHjCONHC(=CH5)COOH RNHCH C0N=C(CH,)C00H-5!2^ 

RNHCHjCOOH + NHj + CH,COCOOH 

where R may be acyl, methyl, or hydrogen The data are given m Table I 
The hydrolysis of chloroacetylglycyldehydroalanine and of glycylglycyl- 
dehydroalanme in the various tissue preparations studied occurs at very 
nearly the same rate as that of glycyldehydroalanme but not that of chloro- 
acetyldehydroalanme N-Methylglycyldehydroalanine is h 3 ’^drolyzed at a 
rate markedly less than that of gljmyldehydroalanine, while chloroacetyl- 
N-methylglycyldehydroalanme is apparently not affected m extracts of anj' 
of the tissues studied 
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A critical compound in the interpretation of the data is chloroacetyl- 
glycyldehydioalanine "'ATieieas it is conceivable that glycylglycylde- 
hydioalanine maj^ be rapidly attacked by an aminopeptidase in tissue ex- 
tract pieparations, which leads to the primary hydrolysis of 'a teiminal 
glycyl residue with the pi eduction of glycyldehydroalanme (c/ (1)), no such 
enzjunatichydiolysis of a chloroacetyl residue appears probable Attention 
was thei efore largely devoted to the chloroacetyl derivatives When chloro- 
acet3dgl3’'cme oi chloroacetylglycylglycme was incubated wuth rat kidney 
ex ti acts under conditions employed with chloroacet3dgl3'-c3ddehydroalanine 
(extiact containing 60 7 of total N per cc , incubation period of 15 minutes 
at 37 °) (Table I), no mcrement in a-ammo nitiogen could be obseived 
Fuitheimoie, no increment in a-ammo nitiogen could be obseiwed m digests 


Table I 

Action of Dehydropeplidases on N-Acylaled Dehydropepiides* 



Kidney 

1 

Liver 1 

Pan- j 
creas | 



Muscle 

N-Methylglycyldchydroalanine 

mi 

25 

PI 

30 

166 

16 

Chloroacet} lgl 3 'C 3 Idelwdroalanine 

■ImiI 

50 

wm 

40 

240 

28 

Glyc34glycyldch3'droalanine 

Chloroacet}'! - N - methylgl 3 'cyldeh 3 'dro- 

1660 

60 

500 

1 64 

320 

35 

alanine 

0 

0 

1 

0 

0 

1 0 

0 


Micromoles X 10 ammonia N cvoKcd per hr 
per mg total N in digests with 


* Digests consisted of 1 cc of fresh aqueous rat tissue extiact, plus 2 cc of 0 15 m 
borate buffer at pH S 1 , plus 1 cc of either water or 0 025 m substrate solution 
Chloroacetyl peptide solutions b ere caiefully neutralized to pH 7 0 with dilute NaOH 
before use Incubation temperature, 37° 

t The corresponding values for glycj Idehydi oalanine and for chloroacetylde- 
hj droalamnc are, respectively, v ith kidney 1620 and 100, liver 60 and 28, pancreas 530 
and 10 brain 72 and 0, spleen 331 and 0, muscle 3S and 0 (4) 


of chloioacetylglj'-cyldehj'di oalanine with lat kidnej’' which had been 
illowcd to go to complete splitting of the dehydropeptide bond as measuied 
bj' the loss m absoiption at 2500 A ( 4 ) and fiom which the ammonia had 
been completelj^ iemo\ cd by an alkaline aeration piocedure If the chloro- 
acetjd residue had been h3’'diol3’’zed fiom the gb’'C3d lesidue, the latter, aftei 
the lit dioh'sis of the deln diopeptide bond, wmuld have 3nelded an equiva- 
lent amount of ammo nitiogen Kidney wms selected as the tissue for these 
expel iments because of its high activit3’’ of various peptidases 

DISCUSSION 

The fiict that no mciease m a-ammo nitiogen apjjcais m ammonia-free 
kidney digests of chloroacetylgl3myIdeh3’’droalamne suggests that the mole- 
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cule IS hydrolyzed at the dehj dropeptide bond exclusively under the condi- 
tions studied Furthermore, the equally important fact that the rate of 
hydrolysis of this substrate, not onl}’’ m kidnej’’ but m extracts of other 
tissues as well, approximates that of glycyidehydroalamne suggests that 
this compound is hydrotyzed by dehydropeptidase I ® It was behex^ed 
earher ( 2 ) that the proper substrate for this enzjune would be glyc3ddehy- 
droalanine or some analogous compound with a free a-amino group adjacent 
to the susceptible dehydropeptide bond It appears from the present re- 
sults that the presence of a free, basic a-ammo group m the substrate is not 
necessarily a sine qua non for dehydropeptidase I activity What does, 
hovex’^er, appear to be a necessary condition for the actmtj’’ of this enzyme 
IS the presence of an a-mtrogen atom to which at least 1 hydrogen is 
attached The substrate conditions for dehydropeptidase I aetmty are 
thus descnbed by equation ( 1 ) above Chloroacetyl-N-methylgljmylde- 
hydroalamne, xxuth no hx drogen in the a-mtrogen atom, is not susceptible 
to enzymatic hj^drolysis (Table I) The stability of this compound m rat 
kidne3’^ extracts means that it is resistant not only to the action of dehydro- 
peptidase I, but also to that of dehydropeptidase II Deh3’’dropeptidase II 
acts upon such substrates as chloroacetyldehydroalanme and acetyldehy- 
droalamne, not upon gl3 c3ddehydroalaiune, and it would appear from the 
ax^ailable data that the action of this enzyme is blocked by the presence of 
an a-mtrogen atom adjacent to the deh3’'dropeptide bond, whether that 
mtrogen is basic or not 

The reduced effectweness of N-methylgl3"cyldeh3 droalamne as a sub- 
strate, compared xvith that of glyc3ddeh3''droalamne, ma3 be exphcable on 
the basis of a stenc effect in the former compound On such a basis, the 
N-ethyl, N-piopyl, etc , dcrivatix^es of gl3’'cyldeh3^dioalamne should be m- 
creasmgly meffective substrates, and work on this topic is noxv m progress 
As noted above, the s3Tithesib of N,K-dimeth3d and, presumably, the corre- 
spondmg N,N-dialkyI derivatives of glycyidehydroalamne is rendered 
difficult because of the possibility of substitution of the ammes at the double 
bond of the deh3^dropeptide 


suxniARX 

Chloroacet3'lgl3’^cyldehydioalaiiine, gl3 c3dgl3’-cyIdeh3"droalamne, chloro- 
acetyl-N-methylgl3’’cyldeh3ffiroalamne, and N-meth3 Igl3myldeh3 droalanme 
were prepared, and their susceptibiht3'’ to the action of extract preparations 
of various rat tissues was studied Chloroacetylglycyldeh3'^droalamne and 
glycylglycyldehydroalanme were h3’-drolyzed m digests of all tissues studied 

’ This IS more clearly shown by the action of the purified dehydropeptidase I of 
Shack (personal communication) which attacks chloroacetj Iglj cj Idehj droalanme at 
close to the same rate as Elycyldehv'droalamne Neither substrate is appreciablj 
hydrolyzed by purified dehydropeptidase H 
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at close to the same rate as glycyidehydroalanme In the case of chloro- 
acetylglyc3ddehydioalanine with kidney digests, no mcrease m a-amino 
mtrogen was noted in the ammonia-free digests after the dehydropeptide 
bond was completely hydrolyzed N-Methylglycyldehydioalanine was 
h3'^drolyzed at a lower rate than glycyidehydroalanme, while chloioacetyl- 
N-methylglycyldeh3'-droalanme was not hydiolyzed in any of the tissues 
studied From the data obtamed, certain substiate specificities for the 
action of dehydropeptidases I and II have been considered 
A brief desciiption is given of the action of aqueous solutions of methyl- 
amine and of duneth3damme on chloroacetyldehydroalanme, leadmg under 
certain experimental circumstances to apparent substitution of the amines 
at the double bond of the dehydropeptide. 
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THE IKTRACELLTJLAH DISTRIBUTION OF PROTEIN, NU- 
CLEIC ACIDS, RIBOFLAVIN, AND PROTEIN-BOUND 
AIMINOAZO D'IT: IN THE LD^RS OF RATS FED 
P-DILIETHYLAAIINOAZOBENZENE* 

Bt J M price, E C miller, A1.D j a miller 

(From the McArdle Mcmortal Laboratory, Medical School, 

Uniiersiiy of H^'tscoTisin, Madison) 

(Received for publication, December S, 1947) 

Recent studies have shovm that the formation of liver tumors m rats 
fed p-dunethj'laminoazobenzene is preceded by the accumulation of 
aminoazo djes firmly bound to the hver protein (1) The bound dyes 
have been freed from the hver protein only by enzjnnatic or alkahne 
hjdrolj'sis, the major fraction of the released dye possesses highly polar 
properties and is therefore not the dye fed The protem-bound dyes are 
found only in the site of tumor formation, the hver, and only m the livers 
of the two known susceptible species, e g , rats and mice The latter 
species IS less susceptible to the dye than rats and less bound dye is found 
m their hiers p-Monomethylaminoazobenzene, a carcinogenic metabo- 
hte of the parent dye, giies nse to the same levels of bound dye, while 
the non-carcinogenic metabohte, p-ammoazobenzene, yields only low 
levels of a different bound dj'e A high level of dietary nboflavin, which 
reduces the carcinogenicity of the parent dye, also decreases the level of 
protein-bound dye in the hver The bound dyes are not found m the 
hver tumors These observations indicate that the protem-bound dyes 
play an important but as >et undefined role m the carcmogemc process 
induced by p-dimethylaminoazobenzene 
We have now applied the techmque of differential centrifugation to 
detenmne the intracellular distribution of protem-bound djm and other 
constituents in the hvers of rats fed diets high and low m nbofiavm and 
vnth and without p-dimeth} laminoazobenzene The general procedure 
descnbed by Claude (2) vs as adapted^ to resolve homogenates of the hvers 
into four fractions nuclei, large granules (mitochondria), small granules 
(microsomes), and the supernatant fluid from which these particles have 
been sedimented The homogenates were made m hypertomc sucrose 
solution, since the recent work by Hogeboom, Schneider, and Pallade 

* This work was supported by grants from the Xational Cancer Institute and the 
Jane CofBn Chdds Memorial Fund for Medical Research 

•We are grateful to Dr W C Schneider for advice on the fractionation procedures 
iiEcd in this paper 
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(3j 4) sho-ued that this medium prevents the agglutination of the large 
granules and pieseives their morphological chaiacteristics Each fraction 
and the original homogenate iveie analyzed for protein, nucleic acids, 
iiboflavm, and protein-bound aminoazo dye 

Methods 

Four groups of female Sprague-Dawley rats weighing 160 to 200 gm 
weie fed the diets ad lihiium for 4 weeks The basal diet was the semi- 
synthetic one pieviously desciibed (5) and was modified to contain 0 5 
or 20 0 mg of iiboflavm pei kilo with either no azo dye or 0 06 per cent 
p-dimethylaminoazobenzene 90 to 100 per cent of the rats fed this level 
of dye in the low iiboflavm diet for 4 months develops liver tumors (5, 6) 
Two fivers weie used for each fractionation The lats were killed ivith 
ethei, the mfeiior vena cava exposed, and an L-shaped hypoderrmc needle 
inserted into the vein cephalic to the livei and clamped m place by a rubber- 
tipped hemostat A second hemostat was placed on the inferior vena 
cava caudal to the livei After seveiing the portal vein the liver was 
perfused with 30 ml of 0 14 m NaCl under a hydrostatic pressure of 13 cm 
The excised liver was then forced through an all-plastic (Plexiglas) tissue 
mincei (a thick walled tube with a tightly fitting screw-driven piston 
which foiced the parenchyma thiough a disk containing numerous 0 8 mm 
holes) This opeiation facilitated homogenization by removing much of 
the connective tissue, blood vessels, and bile ducts The minced tissue 
was collected in 0 88 m sucrose solution buffeied to pH 7 6 with 0 01 M 
phosphate and furthei diluted to make a 12 per cent suspension (final 
pH 7 4) bj'- weight The mixture was then homogenized (7) for 15 mmutes 
in a 1 X 8 inch test-tube with a tightly fitting Plexiglas pestle diiven by a 
stainless steel shaft The entire proceduie was earned out at 0-3° 

The diffeiential centiifugations weie earned out in a refiigerated Intel - 
national centiifuge, model PR, size 1, with the multispeed attachment 
and No 295 head cai lying six cellulose acetate tubes with a total capacity 
of 72 ml The tempeiatuie of the tube contents did not exceed 5° on short 
luns 01 10° on long runs The relative centrifugal forces {g) were calcu- 
lated foi the ccntei of the tubes 

60 gm of homogenate (7 2 gm of livei) were weighed mto the tubes and 
centiifuged foi 5 minutes at 600 X j? to separate the nuclear fi action 
To avoid distuibing the sediment the supernatant fluid was removed fiom 
this and the other fiactions with a capillary pipette having an opening in 
the side of the sealed tip The nuclei weie lesuspended in 8 ml of the 
sucrose medium and iccentrifuged The combined washings and super- 
natant solution vere again centiifuged to lemove most of the remaining 
nuclei This small sediment ivas added to the nuclear fi action and the 
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nuclei were rewashed The supernatant solution and washings were 
then centrifuged at 19,000 X g for 10 minutes to sediment the large gran- 
ules These particles were m ashed once by resuspending in 8 ml of suerose 
solution and recentnfugmg The washings and supernatant fluid from 
the large granule fraction were centrifuged for 4 hours at 19,000 X g 
After removing the final supernatant fluid as completely as possible the 
remaming sediment was taken as the small granule fraction Each par- 
ticulate fraction was evenly suspended in distilled w'ater and appropriate 
ahquots were taken for analysis 

Analyses for pentosenucleic acid and desoxypentosenucleic acid were 
made aceording to the procedure of Schneider (8) For the nboflavm 
anal3'ses- Laclotaallus casci was growm on the medium of Roberts and 
Snell (9), growth was determined by titration of the aeid formed in 66 
hours The protein was determmed granmetneally after precipitation 
from ahquots containing 80 to 300 mg of protem wnth trichloroacetic 
acid at a final concentration of 10 per cent After w ashmg once wnth 1 m 
(pH 5) acetate buffer and tivice wnth ethanol, the precipitate was trans- 
ferred quantitatively to hard filter paper and extracted m a Soxhlet ap- 
paratus with ethanol for 48 hours The extracted protem was transferred 
to weighing bottles, dned over CaCU m vacuo to a powder, and then left 
over H2SO4 m lacuo for 12 hours The product consisted almost entirely 
of protein and nucleoprotein (1) The total protein-bound ammoazo dye 
in these pow'ders was determined as described previously (1) 

Results 

Comparison of 0 88 ii Sucrose and 014^^ KCl Soluhons As Fractionation 
Media — Pre limina ry simultaneous fractionations were earned out on the 
pooled livers of two rats fed the basal diet low in nboflavm to compare 
the intracellular distnbution of nucleic acids, protem, and nboflavm when 
0 14 m KCl (isotomc) or 0 88 Ji sucrose solutions were used as the fractiona- 
tion media Both solutions were initially buffered at pH 7 6 wnth 0 01 m 
phosphate With either medium the nuclear fraction contamed aU or 
nearlj' all of the desoxypentosenucleic acid, the large granules from the 
partition in sucrose solution carried about 5 per cent of the total desoxy- 
pentosenucleic acid and microscopically a few nuclei could be seen in this 
fraction However, m spite of the similaiity m their contents of desoxy- 
pentosenucleic acid, the nuclear fraction from the separation m KCl 
contamed three times as much protem and pentosenucleic acid and eight 
times as much nboflavm as the correspondmg sample from the fractionation 
in sucrose solution (Table I) Correspondmgl3'-, the large granule fraction 

’ We are indebted to Mrs G M Weber for these analj ses 
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obtained in the non-ionic medium contained two to tliiee times as much of 
each of these constituents as when the separation was made in KCl solu- 
tion The composition of the small gianule and supernatant fiactions 
was less affected b}'- the medium used foi centiifugation, but the super- 
natant fluid from the fiactionation in sucrose solution tended to contain 
more of each constituent than that fi om the centrifugations in KCl solution 
The results are in agreement with the obseivations of Schneidei (10) and 
Hogeboom el al (3, 4), who showed m othei wa 3 '-s that the nuclei obtained 
from isotonic NaCl or KCl homogenates are grossly contaminated with 
agglutinated large granules On the basis of these data 0 88 M suciose 
solution was used as the raedipm foi the subsequent fiactionations, al- 
though even in this case the nucleai fiaction is contaminated with a few 
whole cells and large granules 


Table I 

Comparison of Fractionation of Liver Homogenates in Either 0 88 m Sucrose or 

0 14 u KCl 

Expressed as per cent of total component in the liver 


Liver fraction 

1 

Fcntoscnuclcic acid 

Protein 

Riboflavin 

Fractionation medium 

Sucrose 

KCl ' 

Sucrose | 

KCl 

Sucrose 

KCl 

1 

Nuclei 

9 

29 

13 

40 

6 

50 

Large granules 

33 

17 

30 

11 

64 

23 

Small 

26 

31 

12 

8 

9 

8 

Supernatant fluid 

20 

9 

39 

34 

28 

20 

Recovery 

88 

1 

86 

1 

95 

1 

94 

107 

101 


Pi olein Dislnbnhon — The liveis of rats fed p-dimethylaminoazobenzene 
for 4 weeks contained on the aveiage only 119 mg of protein pei gm of 
fresh ivcight as compared with 135 mg pei gm foi the livers of lats fed 
the basal diets (Table II) This deciease was almost entnely localized 
in the laige granule fraction, since the protein content of these particles 
droiipcd on the aveiage fiom 40 to 26 mg per gm of hvei on feeding the 
djm A 37 per cent incicase in the piotein of the nucleai fiaction was 
also noted in rats fed dye in the low iiboflavm diet The lecoveiy of 
piotcin (the sum of the fractions compared wnth the whole homogenate) 
vaiied fioin 93 to 103 pci cent (average 96) 

Nucleic Acid Dislnbidion — Feeding p-dimethylaminoazobenzene to 
rats in the low iiboflavm diet increased the amount of desoxypentosenucleic 
acid in the nuclear fraction by about 29 per cent (Table III) Howevei, 
since the protein content of this fraction increased proportionately, the 
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Table II 

Dislnbuhon of Protein in Liver Fractions 


Mg of protein per gm of fresh liver, the figures to the nearest ^ hole number 


Liver fraction 

Basal 

Basal + dye 

Low nboEavm 

High nboflavm 

I>ow riboflavin 

Higb nboflavm 

Fractionation N6 

1 

2 

3 

4 

1 ^ 

6 

7 

8 

Whole homogenate 

144 

140 

133 

125 


119 

118 

114 

Nuclei 

18 

20 

17 

17 


27 

20 

14 

Largo granules 

42 

41 

40 

38 


26 

23 

27 

SmaU 

19 

17 

16 

16 

17 

16 

16 

13 

Supernatant fluid 

61 

55 

52 

50 

52 

53 

51 

j 53 

Recovery 1 

140 

1 

' 133 

125 

121 

123 

122 

110 

107 


Table III 

Distribution of Desoxypcntosenucleic Acid and Peniosenucletc Acid in Liver 

Fractions 


Mg of nucleic acid per gm of fresh liver 


Liver fraction 

Basal 

1 

Basal + dye 

Low nboflavm 

Higb nboflavm 

Low riboflavin 

Hish riboBavjn 

Fractionation No 

mi 

2 

3 

^ i 

1 5 

6 

■1 

8 

Desoxypentosenucleic acid 

IVhole homogenate 

2 52 


2 34 

2 27 

3 41 


2 13 

2 03 

Nuclei 

2 28 

2 41 

2 28 

2 20 

3 21 

2 85 

1 98 

1 94 

Large granules * 

1 0 21 

0 08 

0 15 

0 06 

0 11 


0 08 

0 12 

Small “ 









Supernatant fluid 





i 

! 

1 



Recovery 

2 49 

2 49 

2 43 

2 26 

3 32 

2 96 


2 06 

Pentosenucleic acid 

Whole homogenate 

7 06 

5 83 

6 S3 

6 05 

5 00 

4 63 

4 81 

4 16 

Nuclei 

0 47 

0 60 

0 61 

0 58 

0 74 

1 0 66 

0 64 

0 34 

Large granules 

1 93 

1 83 

2 29 

1 77 

1 24 

0 95 

1 02 

1 05 

Small “ 

1 99 

1 68 

1 79 

1 66 

[ 1 33 

1 02 

1 18 

0 95 

Supernatant fluid 

1 89 

1 39 

1 42 

1 50 

1 56 

i 1 57 

1 36 

1 55 

Recoiery 

6 28 

5 50 

6 11 

5 51 

4 87 

4 20 

4 20 

3 89 
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ratio of desoxypentosenucleic acid to nuclear protein was similar for all 
foui gioups 91 to 98 per cent (aveiage 95) of the desoxypentosenucleic 
acid 'u as found in the nuclear fraction and 3 to 8 pei cent (average 5) was 
in the laige gianules,^ none was detected in the other fractions 

The livers of animals fed the basal diets contained an aveiage of 6 44 mg 
of pentosenucleic acid per gm , whereas the livers of animals lecemng 
p-dimethylaminoazobenzene aveiaged 4 65 rag pei gm (Table III) 
Among the fractions the laigest i eduction in pentosenucleic acid occuried 
in the laige and small granules, the deci eases weie 45 and 37 pei cent 
respectively The large granules of hveis from rats fed the basal diets 
contained an average of 49 mg of pentosenucleic acid per gm of protein, 
while the coiresponding fiaction fiom animals receiving the dye averaged 
41 mg pel gm of protein The levels of pentosenucleic acid in the small 
granules were 105 and 74 mg pei gm of protein for the livers of rats fed 
the basal and d 3 '-e-containing diets, respectively The gieatest decrease 
in the ratio of pentosenucleic acid to protem was therefore in the small 
granule fraction The contents of this acid in the nuclei and supernatant 
fluids did not diffei significantly fiom group to group Recoveiies of 
this constituent ranged fiom 87 to 97 per cent (aveiage 92) ^ 

Riboflavin Distribution — Consumption of p-dimethylaminoazobenzene 
by rats leceiving diets low or high in riboflavin reduced the level of ribo- 
flavin m their livers by 28 and 43 per cent respectively (Table IV) These 
effects were largely the result of decreases of 40 per cent in the level of 
this vitamin in the large granules and supernatant fluids of lats fed the 
low riboflavin diet and 50 per cent foi those fed the high riboflavin diet 
In contrast to these selective decreases the diffeience in riboflavin content 
of the livers from rats fed the basal diet low or high in iiboflavin was due 
to a drop of 33 to 50 per cent in the vitamin content of each of the four 
fractions In all cases the differences fai exceeded any observed changes 
in protein content The recoveries of iiboflavin ranged fiom 94 to 104 pei 
cent (average 101) 

Distribution of Proicin-Bound Aminoazo Dyes — The analyses for total 
piotein-bound aminoazo dyes (Table V) are expressed aibitrarily as log 
lo/I X 10’ per gm of liver, since the light absorption per unit weight of 
the dj’^e released fiom the liver protein is not known (1) However, acid 
solutions of these dyes followed Beer’s law, hence, the optical density was 
directlj’' pioportional to the concentration of the aminoazo dyes The 

*Tlie dcsov\ pentosenucleic acid is found exclusively in the nuclear fraction if 
the centrifugation time at 600// is increased to 10 minutes 

^Subsequent vork has demonstrated that recoveries of pentosenucleic acid rang- 
ing from 93 to 99 per cent are obtained if the homogenates are kept at 0-3° up to 
the time the trichloroacetic acid is added 



J M PRICE, E C ariLEER, AM) J A. MILLER 


351 


bvers ivere taken for anal 3 ’’sis after 4 weeks of d 3 '^e feeding, since the content 
of bound d 3 ^e in the hver reaches a maxunum at about this time In agree- 


Table rv 

DtslnbuUon of Riboflavin in Lner Fractions 
Micrograms of riboflavin per gm of fresh hver 


Liver fraction 

1 Basal J 

Basal -f* dye 

Low nboSavm | 

j High rn^flavin j 

1 Low riboSavin 

High riboflavin 

Fractionation 

1 

2 

3 

1 ^ 

5 

6 

7 

8 

Whole homogenate 

12 4 

11 1 

20 7 

23 1 

8 4 

8 5 

13 4 

11 7 

Nuclei 

0 8 

1 0 

1 4 

1 2 

1 0 

1 7 

2 4 

1 0 

Large granules 

6 2 

5 3 

11 0 

12 3 

3 3 

3 7 

5 6 

5 9 

Small 

1 6 

1 2 

2 6 

2 8 

2 6 

1 0 

1 9 

2 3 

Supernatant fluid 

4 1 

2 9 

6 0 

6 7 

1 8 

1 2 4 

i 

4 0 

2 1 

Recovery 

12 7 1 



23 0 

8 7 





Table V 

Distribution of Protein Bound Amtnoazo Dyes in Liver Fractions of Rats Fed 
p-Dimetkylaminoazobenzene* 

Measured m aoid-ethanol at 520 my and o'^pressed as log lo/I X 10’ per gm of 
fresh hver 


Liver fraction 

Low nboflavm * 

High riboflavin 

Fractionation No 

5 

6 1 

7 1 

8 

Whole homogenate 

465 

435 

1 

297 1 

415 

Nuclei 

63 

59 

43 

24 

Large granules 

72 

50 

35 

49 

Small “ 

58 

69 

42 

47 

Supernatant fluid 

248 

230 

173 

269 

Recovery 

441 

408 

293 

389 


* The non speciflc absorption in the bound dj^e extracts was determined by carrj - 
ing each of the protein samples from the hver fractions of the rats fed the basal diets 
(Fractionations 1 to 4) through the bound dje determination The absorption of 
these extracts at 520 my gave the following corrections to be applied as log lo/I X 10* 
per 100 mg of protein whole 38, nuclei 68, large granules 42, small granules 46, and 
supernatant flmd 38 

ment Muth earher work (1) feeding a high level of nboflavm with p-dimeth 3 ’-l- 
ammoazobenzene reduced the level of protein-bound d 3 ’^e m the hver The 
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level of dye found m Fractionations 5, 6, and 7 was moie neaily typical 
of other lesults than that for Fractionation 8, however, occasionally the 
langes of dye content for animals fed the diet high and low in iiboflavm 
oveilap slightly when analyses aie made at 4 to 6 weeks In both cases 
the livers from animals fed the high level of riboflavin contained 29 to 44 
pel cent less protein-bound dye in the sedimentable fractions than the 
hvei-s fiom rats on the low iiboflavm diet, although the supernatant fluid 
fiom Fiactionation 8 (high iiboflavm) contained moie bound dye than 
eithei supernatant fluid m the low riboflavin gioup That all proteins 
do not cany the same amount of d 3 '^e pei unit weight is evident fiom a 
compaiison of the levels of bound dye and piotem (Table II) m the various 
fi actions Foi instance, the supernatant fluids, which contained an 
aveiage of 44 per cent of the liver piotem of dye-fed animals, had 57 per 
cent of the piotein-bound dye, while the laige gianules with an average 
of 23 per cent of the livei piotem contained only 13 per cent of the bound 
dj'-e The concentiation of protein-bound dye m each fraction may be 
compared by calculating the optical densities per gm of protein Foi 
Fiactionations 5 and 6 the aveiage values weie whole homogenate 3 63, 
nuclei 2 37, large gianules 2 20, small gianules 4 22, and supernatant fluid 
4 97 The lecoveries of protein-bound aminoazo dye were from 94 to 99 
per cent (aveiage 96) 


DISCUSSION 

The selective deciease in the piotem content of the small granule fi action 
of the lat hvei following administiation of p-dimethylammoazobenzene 
is of mteiest since Schneider (11) found aneven largei deciease in the protein 
content of the same fi action in hepatic neoplasms induced by this dye 
Opie (12) noted that aftei feedmg the caicinogen to rats for 1 oi 2 months 
there was a histologicallj’- demonstiable deciease m the content of pentose- 
nucleic acid m the particulate elements of the livei cytoplasm This is 
confiimed bj*- the finding that a consideiable i eduction m the level of this 
constituent occurred in the isolated laige and small granules fiom liveis of 
rats tieated in the same mannei It is established that the feeding of p- 
dimethjdammoazobenzene results m a large decrease m hepatic riboflavin 
(6, 13, 14) The loss of this vitamm has now been localized m the laige 
gianules and supernatant fluid The highest concentiations of protein- 
bound dje occui m the small granules and supernatant fluid, but high 
levels of dietaij-^ iiboflavm reduced the amount of bound dye m each of 
the four fi actions to about the same extent While the bound dyes appeal 
to be involved m the caicinogenic piocess induced by the ingested dye (1), 
it IS not 3 ’'et possible to decide in which fraction, if any, they are of the 
most impoitance 
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SCMMARI 

1 The livers of rats fed various diets for 4 weeks were homogenized 
and differentially centnfuged in a h 3 ’pertonic sucrose medium to jueld 
the nuclei, large granules, small granules, and a final supernatant fluid 
The homogenates and fractions were analyzed for protem, nucleic acids, 
ribofla%nn, and protein-bound anunoazo dye 

2 The ingestion of p-dimethylammoazobenzene m the diet low m 
riboflavm increased the protein and desovypentosenucleic acid contents 
of the nuclear fraction bj' 37 and 29 per cent, respectively Ingestion of 
the carcinogen m diets contaimng either low or high levels of riboflavin 
reduced the protein content of the large granules by 35 per cent, lowered 
the levels of pentosenucleic acid m the large and small granules b}'- about 
40 per cent, and decreased the levels of nboflavin in the large granules 
and supernatant fluid by 45 pei cent 

3 When p-dimethj laminoazobenzene was fed, each hver fraction con- 
tained protein-bound ammoazo dye The highest concentrations were 
found in the small granules and supernatant fluid Ingestion of a high 
level of nboflavnn lowered the level of bound dye in each fraction 
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THE DISTRIBUTION PATTERN OF SULFUR-LABELED 
METHIONINE IN THE PROTEIN AND THE FREE 
AI^IINO ACID FRACTION OF TISSUES AFTER 
INTRAVENOUS ADMINISTRATION* 

By FELIX FRIEDBERG.t HAROLD TARVER, and DAVID M GREENBERG 
{From the Division of Biochemistry, University of California Medical School, Berkeley) 

(Received for publication, November 5, 1947) 

As a result of studies u ith isotopically labeled anuno acids in recent years, 
it has become firmly estabhshed that there is a continuous mterchange 
between the amino acids of body protein and free ammo acids supphed by 
the circulation In most of the previous evpenments on the incorporation 
of labeled amino acids into protein, the ammals w'ere sacnficed at a single 
time mten al after administration of the anuno acid Few expenments on 
the change in labeled amino acid uptake w^th time have been reported 
Furthermore, in practically aU instances the labeled ammo acids have been 
admimsteied orally This exposes the intestinal mucosa and liver to much 
higher concentrations of ammo acids imtially than the other tissues and 
may yield a false picture of the synthetic activities of these tissues In the 
experiments to be reported here, the labeled ammo acid has been injected 
intravenously into rats 

Other ex-penments have also demonstrated marked differences in the 
rate of incorporation of labeled ammo acids by vanous tissues and organs, 
intestmal mucosa, kidnev, and liver exhibiting a high rate, and muscle and 
brain a \ ery much lower rate Since it has already been shown that the 
intestinal mucosa is more active m the incorporation of ammo acid than 
any other tissue (1, 2), it is important to see whether the acti\ ity vanes 
along its length as does the function In order to study this, additional 
expenments have been pei formed on dogs, which were hkewnse injected 
intravenously with methionine 

EXPERIMENTAL 
Experiments with Rats 

Protein Fraction — DL-Methionme contaimng S“ (3, 1) w as added to an 
ammo acid hydrolysate (parenamine. Steams) and mjected by w'ay of the 
jugular vein into male rats weighmg about 150 gm In the expenments 

* Aided by grants from the Research Board of the University of California, and 
from the American Cancer Societj^ on the recommendation of the Committee on 
Growth of the National Research Council 

t National Cancer Institute Senior Research Fellow, 1947-4S 
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presented in Fig 1, the rats Mere fasted 4 hours befoie the injection of 0 8 
ml of the parenamme-methionine mivtuie,^ and no food M^as gnen theie- 
after In the experiments summarized m Fig 2, the rats ivere fasted G 
hours befoie the injection of 2 ml of the paienamine-metluonme mixture, 
and then they M^eie immediately placed on a regular stock diet 

At intervals as indicated m Figs 1 and 2 an animal Avas saciificed, the 
protein was precipitated fiom the homogemzed tissues M^th 10 pei cent 
trichloioacetic acid and w’-ashed four times with 5 per cent tiichloioacetic 
acid The product ivas digested until Pine’s reagent and analyzed foi 
melt sulfur by benzidine precipitation and subsequent titiation until 0 05 
N NaOH, and foi ladioactive sulfui by baiium chloiide piecipitation and 
counting m the Geigei-Mullei counter (4) 

Free Amino Acid Fraction — ^Two male lats (about 120 gm each) leceived 
labeled methionine equivalent to 0 04 gm of ammo nitrogen pei kilo of 
body weight by way of the jugulai vein 15 minutes aftei the injection the 
blood plasma and the desired tissues were collected and 5 pei cent tii- 
chloroacetic acid filtrates were prepaied by adding 5 ml of the acid to about 
1 gm of tissue (accuiatel)'’ weighed) in a glass homogenizei An aliquot of 
the filtrate was digested with Pine’s leagent and aftei acidification the 
sulfur uas piecipitated unth 10 per cent baiium cliloride and the radio- 
activity determined To obtain a sizable sulfate piecipitate, 10 ml of 0 05 
N H2S04 u ere added to all samples 

Experiments with Dogs 

Two dogs (weighing 1 6 and 2 3 kilos) iveie injected mtiavenously (femo- 
lal 1 em) uitli 1 and 2 ml , respectively, of 0 9 per cent sodium chloiide con- 
taining a tiace of S^®-labeled methionine Food was lemoved 6 houis piior 
to the injection, and 6 liouis after the injection the animals were saenficed 
The entile gastrointestinal tiact was removed and flushed with water, the 
mucosa (and submucosa) uas obtained by pressuie from the outside of the 
tract, and the activity of the pioteins, precipitated until 10 pei cent tii- 
chloioacetic acid, was detei mined 

DISCUSSION 

The piescnt experiments demonstiate that the pailein of distribution of 
the labeled ammo acid is essentially the same legaidless of ulicthei the 
ammo acid is administeied orally or intravenously, m tiace amounts oi in 
consideiable quantitj’- Houevei, it should be noted that the actual up- 
take b}^ the tissues is less m these expennients than m those m which the 
methionine was fed in small doses (5) 

' This mixture consists of a solution of parenaniine (a protein li^'diolysatc) iiith a 
content of 16 mg of total a-amino nitrogen and 36 mg of methionine per ml A small 
amount of labeled methionine (about 0 1 mg possessing 16,000 counts per minute) 
uas added to each ml 
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In the fasted animals (Fig 1) a penod of rapid incorporation of the amino 
acid into the protein is followed b 5 ’’ a penod of stabilization of the tagged 
sulfur witlim the \ anous organs TAe tnlesHml mucosa "proteins show the 
highest specific adwitij, but they also exhibit a rapid loss of actiTit 3 ^, tea 
rapid tumo'v er The support of the high rate of secretion of protein into 
the intestine as en^mes and as mucous protems requires a high rate of 
protein s^mthesis (2) Other organs (e g , the pancreas) that secrete pro- 
teins in large amounts would also be expected to show rapid incorporation 



TIME IN HOURS 

Fig 1 Specific activity of sulfur in the protein of rat tissues immediately after 
intra-venous injection of labeled methiomne The rising parts of the curves illustrate 
the incorporation of the sulfur-contaimng ammo acids into the tissue proteins 

of methionine Smee the pancreas of the rat is diffuse and not easil 3 ^ re- 
mo^ ed as a unit, a separate expenment on dogs was performed 6 hours 
after the intratenous administration of labeled methionine to dogs, the 
following pattern of activit 3 ’' was obtamed muscle 0 04,- th 3 mus 0 19, In er 
0 23, lung 0 24, kidney 0 37, spleen 0 38, pancreas 0 39, and intestinal 
mucosa 0 80 The value for the pancreas, therefore, is second only to that of 
the intestinal mucosa 

The pattern of activit 3 '^ shortl 3 ’’ hour) after mtrat enous adnnmstration 
of the ammo acid is not identical with that observed after a longer time 
intenal (3 to 42 hours) (see Fig 1) In the first half hour the specific 

- Expressed as (specific activity X lOD X weight of animal in kilos)/ (dose admin- 
istered) 
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activity of the plasma is lemaikably low (the values of the proteins of the 
livei aie higher than those of thepioteins of the kidney oi plasma), and the 
piotems of the intestinal mucosa alieady show^ the highest activity Repe- 
tition of this e\peiiment gave identical lesults Several houis later, the 
folloiving pattern in order of deci easing activity exists intestinal mucosa, 
kidne}^, plasma, li vei , testis, heart, bi am, and muscle The belated activity 
of the plasma piotein is not surpiising, since in all probability these pro- 
teins are fonned mainly in the hvei and poured into the plasma (6) The 
finding that the specific activity of hvei piotein is loivei than the specific 



TIME IN DAYS 

Fig 2 Specific activity of fiiilfur in the piotems of rat tissues in the later stages 
after intravenous injection of labeled methionine The curves in this figure illustrate 
the rate of dilution of radioactive methionine by inert sulfur 


activit}’- of plasma protein (except within the fiist half hour) at fiist sight 
IS difficult to leconcile with the geneial concept that the hvei is the pnmaiy 
site of plasma pi eduction A plausible explanation is that the liver xalue 
represents an aveiage of secietatoiT proteins of high specific activit}’’ and 
structuial proteins of low specific activity within the same organ 
The pattern of distiibution desciibed here wnth methionine is veiy sim- 
ilai to that obtained by the use of caibon-labeled tyrosine (7) and thus 
suggests that the same metabolic piocess is responsible in both cases 
The \alue foi the piotein of led blood cells, w^hich at fiist is lowei than 
for that of any othei organ, uses continuously, w^hile the proteins of all 
othei tissues and that of the plasma exhibit a dowmward trend (Fig 2) 
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Hence, the curves for the proteins of plasma and red cells intersect between 
the 5th and 6th day after the admmistration of the labeled amino acid 
Probably this is due to the time reqmred for the maturation of the red 
cell even after its proteins have incorporated the labeled methionme 
The activity levels of S” in the protems of the vanous organs tend to 
approach a common i alue This tendmcy for equiparttiion is slow as 
compared to the rapid rate of incorporation The protems of the more active 
tissues (kidney. In er) shon a faster dechne m their specific actmty than do 
those of the inert tissues (muscle, bram, etc ) It should be noted that 
the proteins of the plasma lose their actmty faster than those of the liver, 
possibly because the plasma proteins serve not only for the mamtenance 


Table I 

Distribution of Labeled Sulfur in Free Amino Acid Fraction IS Minutes after 
Administration of Labeled Methionine* 


Tissoe 

Rat 1 

Eat 2 

Kidney 

1 53 

2 74 

Spleen 

1 05 

1 44 

Plasma 

0 96 

1 34 

Liver 

0 88 

1 22 

Lung 


1 OS 

Intestine 


0 77 

Intestmal mucosa 

0 40 

0 41 

Muscle 

0 34 

0 65 

Testis 

0 32 

0 34 

Brain 

0 12 

0 18 


* Activities are expressed as folloivs (counts (per minute) per 100 gm of tissue 
or 100 ml of plasma)/(counts in adnumstered dose (per minute)) 


of the vascular osmotic pressure, but also as a source of protein matenal 
for other tissues of the bodj’’ 

From the distnbution of S“ m the ammo acid filtrates, determmed 15 
mmutes after the injection of labeled methiomne (Table I), it can be seen 
that the pattern of concentration for the free ammo acid is similar to that 
for sulfur incorporated into the protein However, the mtestme no longer 
shows the highest degree of accumulation This picture is not altered 
even if the results are expressed on the basis of dry weight Furthermore, 
the level of S’® activity in the muscle is much higher than that of the bram, 
vhereas the mcorporation of S’® mto the protein of these two tissues is 
nearly identical The mabihty of the bram to concentrate ammo acids 
has been reported previous^ (8) If an ammo acid is injected mto the 
cistema magna of an animal, however, the blood-bram bamer is by-passed 
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and the protein of liver, plasma, or kidney will incorpoiate less ammo acid 
than the protein of the brain ® 

The rapid rate of incorporation and remo\al of methionine fiom the 
protein of the intestinal mucosa^ is shoini m Figs 1 and 2 The 
variation in incoipoiation along the length of the gastiointestinal tiact 
m the tvo dogs is showm m Fig 3 The mcorpoiation in the stomach 
mucosa vas veiy low, and thiee peaks of activity veie found in the intes- 
tinal mucosa These peaks appealed in the legion of the junction of the 
duodenum and jejunum, the junction of the jejunum and ileum, and m 
the terminal segment of the large intestine 



LENGTH OF INTESTINE IN CM 

Fig 3 Specific activity of sulfui in the protein of the mucosa of different parts of 
the gastrointestinal tract after intravenous injection of labeled methionine The 
upper labels of the gastrointestinal tract refer to the dashed curve, the lower labels 
to the solid curve 


SUMMARY 

The distnbution pattern of the labeled sulfur m the proteins and the 
flee amino acid fraction of the tissues of fasted lats after the intravenous 
adimmstration of methionine labeled vnth radioactive suKur has been 
deterimned 

A period of rapid mcorpoiation of the armno acid into the protein is 

3 Friedberg, F , and Greenberg, D M , unpublished data 

* It is intestinal mucosa that exhibits a high specific activity and not intestinal 
muscle The latter shows a slightly lower value than does the liver The following 
IS an illustrative example activities at 6 hours after administration, intestinal 
muscle 0 66, intestinal mucosa 1 21, liver 0 76, kidney 1 07 
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followed by stabibzation of the tagged sulfur within the vanous organs 
The pattern of incorporation of S“ in order of decreasing activity was as 
follows intestinal mucosa, pancreas, spleen, kidney, plasma, hver, testis, 
heart, bram, and muscle The value for the protein of red blood cells, 
which at first is lower than that of any other organ, nses contmuously, 
while all tissues and the plasma exhibit a downward trend 
In the dog the rate of incorporation is very low for the proteins of the 
stomach mucosa Maxima of uptake were obsen’^ed m the region of the 
junction of the duodenum and jejunum, the junction of the jejunum and 
ileum, and m the terminal segment of the large mtestme 
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(From the Department of Hygiene and Bacteriology, The Hebrew University, 
Jerusalem, Palestine) 

(Received for publication, August 15, 1947) 

There are several shortcomings in the estimation of vitamm A from the 
color developed bj’' the Carr-Pi ice reagent Most of the mterfermg sub- 
stances can be removed bj’’ sapomfication, but development and fadmg of 
the bide color depend also on the age of the reagent (1) and the mtensitj’' of 
hght to nhich the mixture is exposed (2) Increased temperature seems to 
affect the stability of the color (3), and even different batches of SbCb give 
discordant results (4) 

Earher attempts to match the color in a block comparator mth solutions 
of copper and cobalt salts (5) « ere therefore superseded by methods mth 
direct readmg photoelectric colorimeters for estimatmg the fleeting color, 
the results (6), honever, nith different instruments vary 

An attempt has therefore been made to work out a method m which un- 
known and standard vitamm A solutions are treated simultaneously This 
procedure avoids most of the above pitfalls 

Pnnaple 

A vitaimn A ester distillate of known strength serv^es as a standard 
From this vitanun A ester tv o dilutions with chloroform are prepared, 1 5 
By companng the Carr-Pnee reaction m both of these dilutions of the stand- 
ard a calibration diagram is obtamed Then the strength of the unknown 
IS compared with that of the weaker standard, and its vitamm A content 
read from the cahbration diagram 

Materials — 

Chloroform 

Saturated solution of SbCh in chloroform 

Acetic acid (concentrated) 

Distilled xutamm A concentrate (containmg 201,500 U S P umts per 
gm , or 5 65 per cent of vitaimn A*) 

Apparatus and Methods 

Colorimeter — A Lumetron colorimeter is modified for this purpose (Fig 
1) The hght from a tungsten lamp (1) passes a lens (2), a Commg filter 

'■ We are indebted to Distillation Products, Inc , Rochester 13, New York, for their 
kind gift of standardized vitamin A capsules 

3G3 
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(5) ^^^th a peak at 610 two test-tubes (4 and 4 '), and strikes two similar 
photocells (5 and S') of the bauiei layer type Both cells can be turned 
aiound the veitical a\is (as indicated by curved aiiows) ivhich changes the 
angle of incidence and thus the amount of light leachmg them The elec- 
tromotive forces developed by the cells aie compaied on a calibrated bridge 

(6) V Inch 1 eads fi om 0 to 100 per cent transmission, zei o bemg indicated by 
a sensitive galvanometer (7) 

Double Pipette — Two 5 ml graduated pipettes (to deliver) aie selected 
which are equal in length when measured fiom the tip to the 4 ml mark 



Fig 1 Diagram of modified Lumetron colorimeter Light from a lamp (l) 
passes a lens (3), a filter (610 m^i) (3), two test-tubes (4, 4'), and strikes two photocells 
(5, B') which can be tilted as indicated by the arrows The current generated by 
both cells IS balanced on a slide wire budge {6), the galvanometer (7) indicating zero 
While 1, S, S, 6, and 7 are standard equipment of the Lumetron, the test-tube holders 
{/f, 4') and the photocells (5 and 5') are attached to an ebonite plate similar to the 
test-tube adapter of the Lumetron 5 and 6' are rectangular photocells (16 X 36 
mm ) which are available as spares for light meters The cells are suspended from a 
vertical shaft which passes through the ebonite cover in a light-tight packing An 
adjusting knob attached to the upper (outer) end of the shaft of each photocell 
facilitates tilting 

They are cut off slightly above the 5 ml mark and joined, parallel to each 
other, by a T-shaped glass tube so that the double pipette looks like an 
inverted Warbuig manometer The length of both legs should equal that 
of the test-tubes in the coloruneter (Fig 1, 4, 4') As both pipettes are to 
dehvoi an equal amount of the Cair-Price reagent simultaneously and mtli 
equal speed, their time of dehveiy should be checked with water or gly- 
ceiol If there is any difference, the tip of the slower one is vadened hi 
grinding 

Procedure 

Several dilutions of the standard in chlorofoim aie piepaied, containing 
10, 20, 25, 30, 40, and 50 U S P units of vitamin A pei ml lespectively 

= Filter 620 would be more specific, but Filter 610 v as chosen as it has a greater 
over-all transmission and thus allows rather concentrated solutions to be tested 
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Two matched test-tubes, filled with chloroform, are inserted mto the 
colorimeter (Fig 1, 4 , 4') The bridge (61 is set to read 80 per cent trans- 
mission, this value is arbitrary but pro\e3 to be comenient Then the 
resistance of the light source (/) is adjusted to jneld a com enient mtensity 



60 90 120 ISO ISO 
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Fig 2 Difference in fading of Carr-Pncc color The bndge shovim in Fig 1 is set 
to read 80 when starting Different concentrations of the standard (O), viz 50, 40, 
30, 25, and 20 TJ S P units per ml , are compared -with a standard containing 10 
XJ S P mutsperml Note that with falhng concentration the curves become flatter, 

change their slope, and approach the 80 bndge reading hne L and L' («) are two 
dilutions of the non-sapomfiable fraction of sheep hver 

of light Light mtensity is estimated by connectmg the photocell (o) 
directly to the galvanometer (7) Though stnct mamtenance of the light 
mtensitj is not necessarj', as a balanced circuit is used (Fig 1), reproduci- 
bihty IS better if the light mtensity is similar m subsequent tests 
sli^tly tiltmg one or both of the photocells a zero readmg on the gah anom- 
eter (7) is obtamed The test-tubes contammg chloroform are nov re- 
placed by two others to which 1 ml of two of the standard dilutions has 
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been tiansfeiied, e gr , 1 ml of the 10 unit and 1 ml of the 50 unit standard 
respectively As can be deduced from the wirmg diagiam m Fig 1, the 
stronger standard has to be inserted into the test-tube (4) About 3 drops 
of acetic acid are now added to eithei teSt-tube The Can -Price reagent is 
dra^\Tl mto the double pipette up to the 4 ml mark from a wide mouthed 



10 20 30 w 50 

UMTS 


Fig 3 Calibration diagram for determining unknown concentrations This 
figure IS complementary to Fig 2 The 50 U S P unit budge readings (line ne\t to 
the bottom in F ig 2) are plotted on the 50 unit ordinate in Fig 3 All of these points 
are connected by straight lines with a point where the 10 unit line (abscissa) and the 
80 bridge reading line (ordinate) meet Unknown concentrations are determined 
simply by entering each bridge reading on the appropriate seconds line ( • , L-L), and 
plotting the best fitting straight line (broken line) back to the abscissa, where the 
result (36 7 units) is read The dots are identical with line L in Fig 2 

bottle and delivered into both test-tubes containing the standard As soon 
as delivery of the reagent commences, a stop-watch is started, and readings 
on the measuring bi idge (Fig 1 , 6) are taken every 15 seconds The curve 
marked 59 on the iight-hand scale of Fig 2 shows bridge readings versus 
time for 50 U S P units wlien compared simultaneously with 10 U S P 
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units When the test is repeated with 40 U S P units and 10 U S P 
units as the ■n eaker standard, the curve marked 40 on the right-hand in Fig 
2 IS obtamed Again, if 40 U S P units are replaced by 30, 25, and 20 
U S P units respectively and the n eaker standard kept at 10 U S P umts, 
a family of curv'^es, indicated m Fig 2 by hollow circles, emerges An un- 
known substance ma}' be interpolated by comparmg it similarly mth the 
standard contammg 10 U S P umts per ml CuiT^es L and L' (Fig 2) 
shon two dilutions of the unloiown, the non-saponifiable fraction of sheep 
hver It can be readily seen that determmmg the unknown by mterpola- 
tion IS rather cumbersome, and a simpler method, described below, is 
therefore advocated 

Calculations 

By plottmg bridge readmgs versus concentration of vitamin A, and con- 
necting the pomts of equal time, straight Imes are obtamed (Fig 3) which 
converge to a pomt situated n here the 10 umt line (abscissa) meets the 80 
per cent bndge readmg Ime (ordmate) The common mtersection pomt 
simply reflects the fact that the galvanometer remains stationary (mdicat- 
mg zero) at all times if both test-tubes contam equal amounts of vitamm A. 
As the hues obtamed m Fig 3 are straight and their mtersection is known 
m advance, all one has to do is to prepare two standard dilutions It will 
be readily appreciated that an unkn own is more easily determmed from 
Fig 3 than from Fig 2 Lme L m Fig 3 is identical mth hne L m Fig 2 
To estunate an unknown from Fig 3 all that has to be done is to connect the 
dots by the best fittmg straight hne and plot it back to the abscissa, givmg 
36 7 U S P imits per ml as an estimate of the unknown 

DISCUSSION 

It has been pomted out (2) that low mtensities of light should be used m 
measurmg the Carr-Price color, as it is not stable ton ards hght, m the pio- 
posed method standard and unknown are exposed to the same mtensity of 
light, and only the difference m fadmgbetneen standard and unknown is 
measured Though the unkn own should fall betn een tn o concentrations 
of the standard, a fair estimate may still be obtamed if the dilution of the 
unknown contains less vitamm A than the weaker standard, for the guidmg 
hnes shown m Fig 3 still hold good w'hen extended beyond the common in- 
tersection pomt But as readmgs towards the upper end of the scale be- 
come less reliable, a result obtamed above 90 per cent on the scale read- 
ing w ould mdicate that a more appropriate dilution should be chosen for 
the nex-t experiment Though the Carr-Pnce color fades, this does not 
seem to mterfere wnth the rehabihty of readmgs of the unknoivn obtamed 
at different tunes after the reagent is added, for the cluster of dots (repre- 
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sentmg the unknowTi in Fig 3) seems randomized To test this point fur- 
ther let us compare tvo dilutions of the unlcnomi, mz L and L' (see Fig 2), 
wheie L' has been obtained by adding 7 ml of chloiofoim to 3 ml of L 
The estimate of U is perfoi med fi om Fig 3, as \\ as done foi L As already 
mentioned, the estimate foi dilution L is 36 7 units (mean), with a standard 
deviation of 0 27 unit, V yields 11 2 units (mean), with a standaid devia- 
tion of 0 21 unit This seems to be m favoi of the higher dilution {U), as 
its standard deviation is smallei , but this advantage is offset, as the coeffi- 
cient of variation is 


100 X 0 27 
36 7 


0 74 for L, but 


100 X 0 21 
112 


1 87 for L’ 


It does not therefore seem that accuiacy would be gieatly enhanced by 
making the standaid and unknoum neaily identical It mil, howevei, be 
noticed that both dilutions yield practically the same estimate 

The result obtained fiom the Can -Pi ice leaction is also in fan agreement 
mth the figure obtained fiom the absoiption in the ultraviolet Foi deter- 
mining the ulti aviolet absorption the unlaiomi and standai d are diluted to 
lead 50 pei cent transmission, with the blank as 100 pei cent tiansmission 
(7), this value lathei than is used in estimating the unknown ® We 
thus find 492 SUSP units pei gm of sheep liver fi om the ultraviolet ab- 
sorption and 443 U S P units pei gm from the pooled estimates {L' and 
L) shomi in Fig 2 

The method as desciibed above is applicable to the estimation of vitamin 
in liver and oils Experiments aie undei way to adapt the simultaneous 
Can -Price leaction to mateiials low m vitamin A and to those cases as well 
m uhich interfeimg mattei cannot leadilj'- be ehmmated b}’’ saponification 


SUMM-IRY 

A method is described for deteimming vitamin A simultaneously m stand- 
ard and unknown, thus cancelmg eiiois due to different treatment of 
standaid and sample Readings of the Can -Price coloi can be taken moie 
at leisuic, as the diffeience in fadmg lathei than the fadmg of the coloi it- 
self IS measui ed A simple i efei ence diagi am for convei tmg i eadmgs into 
vitamin A units is given 

* As cannot be actually measured in determining the ultraviolet absorption 
of vitamin A, the density being too high, the half value, Ik®®,,, , is suggested instead 
(7) The half value is the weight of a substance (in gm ) which has to be contained 
in 1 ml of solvent in order to reduce the transmitted light by half, the length of the 
path being 1 cm and the light transmitted by the solvent alone being unity By 
falling always into the sensitive range, Ikj^n, does not call for extrapolation as in the 
case of Obviously, when a solution follows Beer’s law over a very wide range 

are connected by = 0 00301/fF®®,„ 
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(From the Southern Research Ivslxtute, Birmingham, Alabama) 

(Received for publication, November 7, 1947) 

In nen of the increasing importance of radioactive C^^ m biological 
studies and the lack of expensive literature on methods for assaymg this 
isotope in animal tissues and fluids, it is felt that such methods as have 
been found useful might be worthy of recording Descnbed herem are 
techniques for the collection of excretory products suspected of containmg 
isotopic carbon from mice, quantitative oxidation of tissues and excretory 
products pnor to activitj' assay, and an application of the method of hliUer 
(1) ivuth slight vanations for assay of BaCOa resulting from the above 
oxidation 


EXPERIMENTAL 

Melabohsm Chamber for Collection of Excretory Products — In an attempt 
to carry out a balanced expenment in tracer biochenustiy with carbon 
isotopes, it IS of course necessary to mclude the respiratory system as a 
possibly important excretory route This fact, along with such others as 
economy of carbon isotope and dilution factors related to ammal weight, 
may influence one to choose the mouse as an expenmental animal, at least 
in exploratory studies 

In order to measure the quantity and rate of excretion of active carbon 
by the respiratory route, it is necessary to utilize an absorption hne in 
which the COj exhaled bj'- the ammal can be quantitativelj’’ absorbed for 
subsequent precipitation and weighing pnor to radioactive assay A 
sketch of the apparatus employed in our laboratory for this puipose is 
presented as Fig 1 By means of the legend on the sketch, the operation 
'of the chamber may be descnbed as follows 

Room air is drawn through a wet test meter. A, and successively through 
absorption bottles containing 10 per cent sodium hydroxide, B, saturated 
banum hjdroxide, C, and saturated sodium cblonde, D The carbon 
dioxide IS removed from room air m B, the banum hj droxide absorption 
bottle, C, IS used simply as an indicator of the adequacy of B The satu- 
rated sodium chlonde solution, D, is empIo 3 'ed for eqmlibration of humidit 3 

* This work was supported by grants from ^Ir Ben May, Mobile, Alabama, and 
the American Cancer Society 
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in the mouse chamber, E, to approximately 75 per cent Feces are collected 
on a ivne screen, mine samples are collected in tube F Water is supplied 
to the mouse fi om bottle G The carbon dioxide exlialed by the test animal 
in the glass chambei E is absoibed in COi-fiee sodium hydroxide, H 
Absoiption bottle 7, contaimng saturated baiium hydroxide, is used as an 
absorption efficiency indicator Air flow is maintained at a constant rate 
of about 300 ml per minute by means of a cntical orifice, J, constructed 
of capillary tubing, one end of winch has been constricted by file polishing 
until the pi opei line air flow is obtained A pi essure drop across the orifice 
IS maintained at greatei than the ciitical pressuie for air by means of a 
vacuum pump This requires a pressure differential equal to or greater 
than 14 5 inches of meicuiy 

In view of the fact that the icspiiation of a 20 gm mouse is of the ordei 
of 22 ml per minute and the CO 2 content of the expiied air is approxi- 



Fig 1 Appniatus for collecting respiratoiy carbon dioMde and other excretory 
products d , ct test metei , B, C, and D, absorption bottles containing 10 per cent 
sodium hydioxide, saturated barium h 3 '^dio\ide, and saturated sodium chloride, E, 
mouse chamber, F, urine collection tube, G, water bottle, ^ and /, absorption bottles 
containing COo-fiee sodium hydioxide and saturated barium hydroxide, J, orifice 


mutely 4 pei cent, it may be estimated that about 0 05 mole of carbon 
dioxide will be expired by a 20 gm mouse m 24 hours 

Typical data, obtained vath the absoiption line, to collect CO 2 expired 
by a 25 gm mouse aie given in Table I 

It is impoi tant to maintain an an flow in the mouse chambei great enough 
to piexent accumulation of CO 2 , which might affect lespiiatory late 
Exccssncly high flow lates, however, result in incomplete absorption 
^\hen short collection peiiods were used, we have increased our chambei 
air floM for a few seconds at the end of each peiiod so that the time for 
reaching theoietical clearance of the chamber is very shoit as calculated 
bj" Silver’s equation A = K (a/b) where x is the per cent of nominal con- 
centration attained m time t (minutes), K is a constant, depending on the 
ficsired degree of equilibration (4 6 for 99 per cent), a is the volume of the 
chamber, and b is the volume of air passing thiough the chambei each 
minute (2) 
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Oxidation of Animal Tissues Jot Determination of Radioactive Carbon — 
Because of the low energj radiation of C** and absorption factors, it is 
impossible to earn out actnnty assaj-'s m tissues per se This difficultj’- 
can be overcome by ovidizmg the tissues to carbon dioxide and counting 
in this form or as banum carbonate The procedure ive have found satis- 
factorj for the oxidation of tissues is an adaptation of the method of Van 
Sbke and Folch (3) for manometne carbon detemunation The method 
depends on combustion in a mixtuie of chromic, lodic, sulfunc, and phos- 
phonc acids, and the preparation of the reagents has been desenbed by* 
these authors In the present work, the carbon dioxide is not determined 
manometncally but is absorbed m sodium hydroxide solution and pre- 
cipitated as banum carbonate The latter is weighed m order to calculate 


T^ble I 

Carbon Dioxide Output of 25 Gm Mouse 


Banmn carbonate recox cred 


' ' 

Per ptnod 

Cmnulative 


m 

gm 


0 1841 

0 1841 


0 1203 

0 3044 


0 1647 

0 4691 

30-60 

0 4086 

0 8777 

hrx 



1- 2 

0 6700 

1 5477 

2- 3 

0 6783 

2 2260 

3- 4 

0 6597 

2 8857 

4- 5 

0 6724 

3 5581 

5- 6 

0 6243 

4 1824 

6-24 

10 0879 

14 2703 


the total carbon content of the tissues and is then recom erted to carbon 
dioxide for determination of the specific actmty m the manner desenbed 
in another section of this report The reasons for this precipitation of 
CO 2 and subsequent regeneration for actn ity assay are that (a) it is con- 
I ement for different operators to carry out the oxidations and the actn ity 
assay^s, {b) it is desirable to sai e samples for future check and (c) it is not 
feasible to allow the acid vapors from the tissue oxidation to enter the 
Geiger tube The apparatus for oxidation of tissues and absorption of 
CO: is shown in Fig 2 The procedure used is given as follows 
The sample and potassium lodate are placed in small flask E, carbon 
dioxide-free 10 per cent sodium hi droxide in absorption cell B, and banum 
chlonde solution m tube D Tlie small tube A contains saturated banum 
hydroxide solution as an indicator for completeness of carbon dioxide 
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nbsoiptioD Willie a slow stieam of nitiogen (or caibon dioxide-free air) 
IS passed thiough the system, the combustion fluid is added slowly fiom 
funnel C The flask is waimed gently and then giadually heated to boiling 
The caibon dioxide foimed by the oxidation passes into the absoiption cell, 
B, thiough the sinteied glass plate, P, winch bieaks it into fine bubbles 
Aftei the oxidation is complete, the appaiatus is flushed with nitrogen 
and the sodium hydi oxide is iiin thiough stop-cock d into tube D ivheie 
the caibonate is piecipitated as baiium caibonatc The walls of B aie 
carefuUj'' washed intli water Stop-cock a is opened to allow the washmg 
of the inlet tube 



Fig 2 Appaiatus foi tissue oxidation A, tube containing saturated barium hy- 
dioxido, B, absorption cell containing COj-free 10 pei cent sodium hydioxide, C, 
funnel, Z>, tube containing baiium chloride solution, E, flask containing sample and 
potassium lodate, P, sinteied glass plate, a, h, c, d, and e, stop cocks 

The bottom of tube D is connected to the top of a small, taied, sinteied 
glass funnel and the inixtuie m D filteied by suction thiough stop-cock 
c (which has a wide boie) with the caieful exclusion of an Paiticles 
of the piecipitate aio w ashed fiom D onto the funnel and the lattei is washed 
until flee of alkali The funnel containing the baiium caibonate is diied 
foi a shoit time in an oven at 110° and then in a vacuum desiccator before 
w eighing 

The entile opeiation is earned out under a hood to avoid bieathing any 
of the carbon dioxide wdiich might possibly escape 

Results fiom the oxidation of samples of known composition aie iccoided 
in Table II, ixhile those fiom the tissue combustions aie given m Table III 
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Determination of Radioactive Carbon — The specific activity of banuin 
carbonate samples is detennmed b3’’ a shght modification of the method of 
Jliller (1), in vhich the caibonate is converted to carbon dioxide and the 
latter mtroduced into the counter tube 
The apparatus is diagrammed schematically m Pig 3 Essentially, the 
procedure mvolves the hberation of carbon dioxide from the banum car- 
bonate by addition of perchloric acid, the removal of water by condensation 
at about —80°, the collection of the carbon dioxide by condensation at 
about — 195°, the volumetncmeasurementof the quantity of caibon dioxide, 
the addition of a predetermmed quantity of carbon disulfide, the condensa- 

Table II 


Analysis of Samples of Known Composition 


Sample 

Weight of 
sample 

Weight of BaCOj 

Error 

Combustion 

'Iiiae* 

Calculated 

Found 


Sm 

gfflf 

Sm 

fer cent 

mtn 

Benzoic acid 

0 0294 

0 3328 

0 3320 

0 24 

10-12 


0 0268 

0 3033 

0 2987 

1 50 

10-12 


0 0250 

0 2830 

0 2801 

1 02 

10-12 

Cystine 

0 0255 

0 1257 

0 1238 

1 51 

8 


0 0271 

0 1336 

0 1361 

1 87 

8 

Patty acidf 

0 0248 

0 3088 

0 2950 

4 46 

5 


0 0309 

0 3844 

0 3639 

5 33 

6 


0 0307 

0 3828 

0 3687 

3 68 

6 


0 0240 

0 2991 

0 3055 

2 14 

7 


0 0264 

0 3329 

0 3243 

2 58 

7 


0 0330 

0 4113 

0 4068 

1 10 

8 


0 0285 

0 3552 

0 3495 

1 60 

10 


* Penod of heating 

t Neo fat-1-65, Armour and Company, steanc acid 90 per cent, oleic acid 4 per 
cent, palmitic acid 6 per cent Microanalysis showed 75 8 per cent carbon 


tion of the resultmg mixture in the Geiger-MuUer tube, the thorough mixmg 
of the gases after evaporation, and the measuiement of the countmg rate 
Certain details of the apparatus warrant further mention The water 
reservoir, Q, for the carbon dioxide generator, 0, is provided for ease in 
rinsing dowm the w alls after each generation , if the w ater is drawn in w hile 
the generatoi is under reduced pressure, thorough rinsing occurs The 
w'ater trap, N, is of concentnc tube design Its outer jacket is removable 
at a ground glass joint for con\enient drainage of collected water The 
volume of the “doser” bulb, K, is such that, when it is filled with carbon 
disulfide vapor in equilibnum with the hquid at the ice point, it contains the 
proper amount to produce 2 cm of carbon disulfide pressure m the counter 










Tabie III 

Oxidation, of Mouse Tissues 


Tissue A, normal mouse, 25 gm , Tissues B and C, mice, 25 gm each, injected 
nith radioactive urethan (35 mg , 2 49 microcuries) 



Weight 

Combustion time 

Carbon 

Tissue 

A 

B 

c 

A 

1 ^ 


B 

B 

c 


gfr 

gm 

gm 

pitn 



per cent 

per cent 

per cent 

1 Blood 

0 790 


0 640 

25 


15 

11 5 

11 6 

10 1 

2 Spleen 

0 230 

HI 

0 090 

10 

m 

5 

10 8 

13 3 

13 9 

3 Adienals 

0 010 

HU 

0 010 

5 

5 

5 

13 6 

18 1 

33 3 

4 Kidneys 

0 385 

0 310 

0 350 

10 

10 

10 

11 9 

9 6 

18 4 

5 Liver 

1 365 

1 470 

1 500 

20 

30 

30 

18 0 

6 1 

14 5 

6 Testes 

0 150 

0 160 

0 140 

10 

10 

10 

9 9 

8 7 

10 4 

7 Thj mus 

0 010 

0 020 

0 020 

S 

7 

6 

11 9 1 

23 2 

30 6 

8 Heal t 

0 100 

0 100 

0 090 

10 

7 

8 

14 0 

14 8 

18 3 

9 Lungs 

0 135 

0 140 

0 140 

10 

7 

10 

13 2 

13 5 

13 7 

10 Lymph nodes 

0 040 

0 020 

Ml 

10 

7 

6 

16 2 

23 6 

16 7 

11 Brain 

0 390 

0 430 


11 

15 

10 

10 8 

8 4 

13 0 

12 Muscle 

0 070 

[ 0 240 

Hi 

10 

6 

n 

16 9 

12 3 

12 0 

13 Stomach and small 










intestine 

1 855^ 



25 

30 

30 

10 9 

4 3 

11 2 

14 Largo intestine 

1 440^ 


2 750* 

20 

30 

40 

11 0 

7 4 

10 2 

15 Skin and haii 

2 99t 

3 14| 

3 24§ 








1 27 

1 72 



30 

20 


22 0 

29 2 


0 50 

1 42 



28 



30 4 



0 46 



16 



24 8 




0 76 



18 



26 2 



If) Carcass 

9 7211 







10 8 



1 31 

2 76 


IS 

60 


13 9 



1 

8 41 

mm 



45 



1 







45 







1 84 



45 





17 Bone 



0 200 



10 



10 0 

18 Urine (bladder) 


fiM 



3 



7 7 


“ (collected) 

1 

tlil 

1 400 


10 



3 0 

2 6 


2 


0 670 


1 


1 


3 4 


* Covered vitli S5 per cent phosphoric acid before combustion fluid was added 
t Divided into four portions for oxidation The ebullition of carbon dioxide was 
bej ond control in the oxidation of the first ti\ o portions The third and fourth parts 
verc covered vith 85 per cent phosphonc acid before combustion fluid was added, 
oxidation proceeded smoothly then 

J Divided into tvo parts for oxidation, each was covered with 85 per cent phos 
phone acid before combustion mixture was added 

^ Onh a small portion oxidized, covered ivith 85 per cent phosphoric acid before 
oxidation 

II Oxidized 111 two portions Samples covered with 85 per cent phosphoric acid 
before combustion mixture was added Reaction violent in the case of the larger 
sample because of its extreme size, absorption of caibon dioxide incomplete 

^ Oxidized and absorbed in four portions, combined again for precipitation of 
barium carbonate Samples placed in 85 per cent phosphoric acid before oxidation 
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tube The resen’'oirs, H and 7, are of 500 and 1000 ml capacity, one is 
usually used to store a blank sample for background measurements, and 
the other is used to store discarded samples, so that many such samples 
can be disposed of simultaneously Although diagrammed othermse, 
the leveling bulb, G, is permanentl3'^ sealed just imder the mercurj’’ reser- 
voir, and the level of the mercurj is controlled by vacuum, as is customary 
■vnth h'IcLeod gages 

The counter. A, is of conventional design, ha\ung a copper cathode ap- 
proMmately 2 0 cm in diameter and 20 cm long and a central mre of 0 004 
inch tungsten It is mounted vertically, n ith about 2 mches of lead shield- 
ing on top and about I5 inches on the sides The shielding on the sides 
extends about 5 inches below the cathode, but there is no shielding directly 



Fig 3 Apparatus used in the determination of radioactive carbon A, Geiger- 
Mtiller tube, B, trap, F , mixing bulb, G, leveling bulb, H and 7, carbon dioxide reser- 
voirs, J , manometer, K, “doser” bulb, L, carbon disulfide reservoir, M and N, traps, 
0, generator, P, perchloric acid reservoir, Q, water reservoir 

below the tube Under these conditions, the background is about 0 75 
count per second 

Because the voltages required for counting vith carbon dioxide are 
higher than are available in commercial Geiger-Muller counter circuits, 
a 4000 1 olt supply has been prepared, according to the circuit of Fig 4 
Exceptional stabilization i\ as not attempted Instead, a constant voltage 
transformer is used ahead of the supply, the stabihzation is adequate to 
control the small fluctuations n hich pass through the transformer In the 
circuit, transformer Tn and potentiometer Ri are ganged The maximum 
rotation possible mth the potentiometer is such that onl3’- 115 i olts can be 
applied to the pnmar3 of high \ oltage transformer Tr^, vhen the minimum 
IS about 10 lolts Under these conditions, the voltage applied to the 
regulator tube Ti is about 600 1 olts when the output voltage is 3500, and 
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IS less at lover output voltages With the voltage available from this 
supply, it IS possible to count samples at pressures up to 35 cm of carbon 
dioxide 

Since most of the samples weie expected to have veiy low activities, of 
the order of background, classical lesistor-condenser quenching was con- 
sidered satisfactory The quenching resistoi is 500 megohms, ivith a 
5 micio-microfarad condensei in parallel and a 20 megohm resistor in senes 
to supply the signal to the preamphfiei A commeicial scale of 32 circuit 
is employed 



Fig 4 Schematic diagram of high voltage supply T\, OC3/VR105, 7’j, 6SF5, 
Tt, 2X2/879, Ti 5Y3, Fn, Vannc, type 209B connected for 0 to 135 volt secondary, 
Ttz, high voltage transformer rated at GOOD volts, 2 milliamperes, Tr^, Stancor P6289, 
Tvi, Stancor C1420, Ci and Cs, 0 1 microfarad, 7000 volts, Cj and C , 8 microfarads, 
450 volts, Ri, 20,000 ohms, general radio type 301, Ri, 120,000 ohms, 1 watt, Rj, 
8 X 470,000 ohms, 1 vatt, R^, 5 megohms, 1 watt, Rb, 5000 ohms, 10 watts, M, 0 to 
1 milliampere (In addition, the input to Ci is through a 200,000 ohms, 1 watt, 
resistor ) 

As IS to be expected ivith resistor-condensei quenching, the net counting 
rates on the plateaus of different samples do not increase linearly ivith the 
specific activities A calibration cuive is used to coriect foi these losses 
due to the dead time of the countei The system is missing about 10 per 
cent of the counts when the measured counting rate is 20 counts per second, 
a loss late of the coirect order of magnitude for the time constant of the 
quenching circuit 

We have obseived a second source of lost counts at counting rates above 
10 to 15 counts pci second Apparently due to some sort of overdriving 
of the scaling and lecoiding circuits, theie results a distortion of the plateau, 
vhich, at lover rates, is usually several hundred volts m vudth The 
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counting rate nses rapidly to a peak at a voltage a little above threshold 
(about 60 volts above) and then drops off vnth increasing voltage The 
greater the true counting rate, the more rapidly the rate falls off mth in- 
creasing voltage above the peak In a t 3 'pical case, at about 26 counts per 
second the counting rate drops over 10 per cent in the 120 volts just above 
the voltage corresponding to the peak 

Use of the lov voltage peak counting rate obi lates losses due to the over- 
driving The negative slope of the plateau can be ehminated by decreasing 
the input resistance to the preamphfier as the ovenmltage is increased, 
but this IS not as convenient as to locate the peak In our procedure, an 
operator counts at 120 volts abo\ e the thieshold for 5 mmutes He then 
counts at 240 volts above the threshold for as much longer as is necessary 
to give the required precision, a time which he determines with the help 
of a family of cun es giving the total number of counts required for several 
specified degrees of precision as fimctions of the ratio of total to background 
counts If the counting rates at the ti\ o voltages agree withm statistical 
expectations, he accepts the indicated rate K they disagree, he counts 
further From the additional counting, he maj learn that the plateau is 
as fiat as normal, in w hich case he accepts the correspondmg counting rate, 
or that the plateau has a negative slope, in which case he locates the peak 
and uses its countmg rate for calculations 

The detailed proceduie foi generation of COj (Fig 3) is as follows The 
sample of banum carbonate hai mg been mtroduced into generator 0 and 
trap N having been cooled to —80°, the genera tmg system is evacuated 
roughly Trap M is cooled to — 195° and the evacuation is contmued until 
the water m the generator begins to boil Perchlonc acid, which is used 
because its banum salt is soluble, is then introduced slowdy from resenmir 
P When the liberation is complete, the sj^stem is agam ei acuated until 
the water boils Three 1 ml doses of air are admitted through R, and the 
evacuation is repeated, followed by a second dosing wath air and another 
evacuation The stop-cock between traps M and N is closed and the 
condensed carbon dioxide is exposed to the high i acuum for 3 mmutes 
The carbon dioxide is then allowed to ei aporate into the system, measured 
volumetncally, and transferred to the counter for measurement of radio- 
activity 

Usually the dose of carbon disulfide is condensed into trap B dunng the 
generation of carbon dioxide The quantity of carbon dioxide is measured 
m the manifold, which has a voluqje of about 80 ml When both carbon 
dioxide and carbon disulfide hai e been allow ed to e\ aporate from trap B 
into the counter tube, the mixture is not uniform, the more volatile oxide 
haring evaporated faster than the sulfide It has been found that five 
mixings by expansion mto resen oir F produce a satisfactory nuxture for 
countmg 
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Because of the long tune constant of the quenching circuit, it is neces- 
sary to dilute very stiongly samples of highei activity, such as those from 
respiration and unne in the case of radioactive urethan As much as 
100-fold dilution is sometimes required In such a case, the use of a 
conveniently weighable quantit}’- of radioactive sample necessitates using 
perhaps 1 liter of diluent carbon dioxide at atmospheric piessure In order 
to insure the homogeneity of such a sample, the gas is tediously twice evapo- 
rated into one of the reservoir flasks and recondensed before a poition is 
removed for counting 

The anticipated variation betweeu experimental animals minimized the 
piecision lequired of the apparatus, and exhaustive tests of the precision 
have not been made The following indications have been obtained 
(1) The volume of gas, piesumably caibon dioxide, recovered fiom banum 
carbonate samples and fiom c p calcium carbonate is usually within 2 
per cent of that calculated on the assumption of complete purity It should 
be noted, however, that complete lecoveiy is not particularly important 
in this piocedure, since specific activity is the propeity deternnned For 
diluted samples, it is necessary only that recovery be the same for both 
active sample and inactive diluent It has been our piactice to generate 
the carbon dioxide from sample and diluent simultaneously, and to cal- 
culate the dilution factor from then weights (2) In a senes of 50 measuie- 
ments of specific activity by thiee operatois, using different quantities of 
two samples of banum carbonate, the results weie self-consistent within 
a probable erior of 1 9 per cent (3) In quadruplicate deteiminations on 
each of thiee samples involving extreme dilution, the probable erioi was 
1 2 per cent 

In the determinations quoted above, the probable eiroi associated with 
the number of counts involved was rarely much less than 1 pei cent 

DISCUSSION 

Although one must be piepared to expect vast differences m rates of 
cxcietion, loutes of excietion, and accumulation of active molecules or 
ions m paiticular tissues, depending on the compound m question and its 
metabolic piocesses, we have found that starting vuth activities of 2 5micro- 
curies per mouse contained in active urethan we have been able to deter- 
mine until a fail degiee of accuracy the amount of C*'* in any 50 mg of tissue 
24 hours aftci injection This has been possible with a compound which 
breaks down fairly rapidly (at least 85 to 95 per cent m 24 houis) and when 
the C“ IS fairly evenly distnbuted throughout the normal animal 

Using the techniques desenbed, we have been able to obtain reproducible 
tracei data on ladioactive urethan unth the active carbon in the caibonyj 
group Results of the uiethan experiments are being published elsewhere 
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Xo attempts be made at this time to compare the accuracy or rapidity 
of the assaj for C” m the gaseous state as opposed to measurement m the 
form of BaCOj, nor to discuss the relatn e ad\ antages of the Geiger counter 
versus the electroscope 

Our pnncipal reasons for adoption of the present procedure ■were (1) a 
desiie to keep ammal radiation exposure to a minimum, in which case 
the added sensitmty of the gaseous measurement is an adi antage, and (2) 
the fact that vithout pre\nous expenence in the field and x^nthout pro- 
nounced preferences as to method ne were influenced by ’mmediate ax ail- 
abilitj of necessar}’’ equipment Dunng the past 6 months of nearly 
continuous use of the described techmques, xxe haxe found them satis- 
factorj It has been possible to account for all of the radioactix e car- 
bon injected xnth an oxer-all accuracy of about ±10 pei cent 

SCACILVET 

1 An apparatus designed to absorb mouse respiratorx' carbon dioxide 
suspected of containing radioattix e C** is descnbed 

2 A procedure is outlined for oxidizing tissues pnor to radioactive 
carbon assaj' 

3 A method is gix^en for determination of radioactive carbon m the 
gaseous state 
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SYNTHESIS AND X-RAY imTESTIGATION OF METHYL- 
SUBSTITUTED LONG CHAIN HYDROCARBONS 
RELATED TO PHTHIOCERANE 


Bt STINA STALLBERG STENHAGEN A^D EINAR STENHAGEN 
(From the Institute of Medical Chemislnj, University of Upsala, Upsala, Sweden) 

(Received for publication, December 1, 1947) 

Phthiocerol, the characteristic wa\ alcohol of the human and bovine 
types of tubercle bacillus (1-4), contams one methoxy and two hydroxy 
groups and has the empirical formula C35H72O3 or C35H74O3 The alcohol is 
optically active, [«]„ in chloroform —4 8°, and melts at 73-74° (1, 5) 
From a monolayer studj (6) the present authors concluded that phthio- 
cerol was a very long molecule mth one or more of the polar groups near 
one end If side chains other than the methoxyl gioup are present, the 
results suggested that these are short, probably methyl groups This 
view has furthermore been strengthened by the fact that the long \-ray 
crystal spacmg of phthiocerol is 46 2 A * By reduction of the lodo com- 
pound obtained in the methoxyl determination Stodola and Anderson 
(1) prepared the parent hydrocarbon, for which Ginger and Anderson 
(5) have proposed the name phthiocerane The substance obtained by 
Stodola and Anderson melted at 58 5-59 5° and was optically inactive 
An x-ray investigation by one of the present authors (7) showed, however, 
that this preparation was impure The long spacing calculated from the 
single order observed was 44 db 1 5 A and the side spacings were, within 
the experimental error, the same as those of the normal form of normal 
chain hydrocarbons This led to the suggestion that a straight h 3 '-dro- 
carbon chain might be involved Ginger and Anderson (5) subsequently 
purified the hydrocarbon The phthiocerane thus obtained melted at 
59-60° The low melting point of the pure h 3 '^drocarbon and its high solu- 
bility in elhei showed that it could not be a straight chain hydrocarbon 
As descnbed in the ex-pei imental part, we have carried out an x-ia 3 " 
study on a sample of phthiocerane kindl 3 '’ given b 3 '- Professor Anderson 
Crystallized from acetone, the punfied hydrocarbon gave a much better 
diffraction pattern than the earlier specimen, showing three clear orders 
of a long spacing of 46 3 A and strong side spacmgs of 4 11 and 3 70 A 
As the long spacing of the normal chain Css hydrocarbon (n-pentatnacon- 
tane) is 46 64 A (vertical or A form (8)), it appeared unlikely that phtluo- 
cerane with the empirical formula CmH 7 o or C35H71 could have more than 

• Stenhagen, E , unpublished work 
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JIETHYL-SUBSTITUTED HYDROCAEBONS 


one methyl side chain The scanty infoimation on blanched chain hydio- 
caibons of high moleculai weight available in the literature (c/ Egloff 
( 9 )) suggested that the position of the methyl side cham m a C 34 01 Csb 
hydiocaibon melting at 59-60° should be fairly close to one end of the chain 
By sjmthesizing a numbei of hydrocaibons with 34, 35, and 36 caibon 
atoms, canying a methyl side chain in position 2, 3, etc , it thus appeared 
possible to settle the question of the constitution of phthioceiane 
, In the synthesis of long chain hydrocaibons of this type it is, of couise, 
essential to employ methods which give the desned pioducts fiee fiom by- 
pioducts of similar molecular weight, as such by-pioducts aie eithei e\- 
tiemely difficult 01 impossible to remove It is furtheimoie very necessaiy 
that the shoitei chain inteimediates aie fiee fiom isomeiic 01 homologous 
impuiities In the piesent case the methyl side chain has fiist been intro- 
duced in the appropiiate position, % e position 2 to 5 fiom the hydiocaibon 
end of the chain, in a caiboxjdic acid having 17 to 19 carbon atoms The 
intermediate acids, the syntheses of which have been desciibed in previous 
communications, weie the following Foi the 2-methyl-substituted hydio- 
caibons 16-methylheptadecanoic acid (10) and 15-methylhe\adecanoic 
acid- weie used The 3-methyl-substituted compounds weie sjmthesized 
starting fiom 15-methylheptadecanoic acid (11), while m the case of 
4-methyl-substituted hydiocarbons 14-methylheptadecanoic acid (12) was 
employed Foi the 5-methyl compounds, finally, the mtei mediate acid 
vas 14-methyloctadecanoic acid (12) The metlyl esteis (II) of the acids 
(I) weie conveitcd into the coiiespondmg alcohols (III) by high piessuie 
hydiogenation ovei coppei -chromium oxide catalyst and the alcohols 
tiansformed into the iodides by means of iodine and phosphoius in the usual 
mannei The iodides (IV) weie used foi the intioduction of the coiie- 
sponding alkyl ladical into the appiopiiate normal chain /3-keto esteis 
(V) (13, 14) IIydiol 3 ’’sis and ketonic cleavage of the monoalkylation 
pioduct (VI) gave long chain ketones (VII) caiiymg a methyl side chain 
in position 2 to 5 and the keto oxygen in position 18 to 20 The ketones 
veie leduced to the coiiesponding hj-'diocaibons (VIII) by Clemmensen’s 
method The geneial scheme of the syntheses is given in the accompany- 
ing flov sheet 

The alkjdations of the /3-keto esteis (V) weie cairied out by means of a 
non-hydioxjdic solvent (methyl-zj-piopjd ketone) and potassium carbonate 
foi the foimation ot the potassium derivative (c/ (13, 10)) Hydiotysis 
and ketonic cleaiagc veie effected mth dilute alkali at a tempeiatuie of 
50° (12) The yield of the ketones (VII) vas fiom 51 to 77 pei cent of the 
theoietical, calculated on (IV) and (V), which weie used in equimoleculai 
amounts Owing to the limited amount of initial material available in 

^ Tagtstrora-Ekctorp, B , unpublished work 
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certain cases, some ketones were piepaied in lery small scale (0 001 mole) 
runs, wnth satisfactorj results 


EXPERIMEVr\L 

Synthesis of Hydrocarbons lS-Methylheptadecanol-1 — l,n — 13) 

— ^Methyl 15-methj'lheptadecanoate (11) (25 gm , 0 084 mole), copper- 


CH,(CH )„CH(CH-.)nCOOH 

i 

CHs 

(0 

Hj(250 atmospheres) 


CHtisr. 


(C.HdiO 


CH,(CHj)».CH(CH2)nCOOCHj 


CHs 

(ID 


Copper-chromium oxide 


CH,(CH.)„CH(CH2)„CHjOH 


I=,P 


CH, 

(HI) 

CH,(CHj)„CH(CH.)„CH I -1- CHsCCHdyCOCH.COOCH. 


K CO, 


CHstCHOsCOCH, 


CH, 

(IV) 


(V) 


TCOTT TT n 

CH,(CH.)nCH(CH )„CH.CHCO(CH.)pCH, ^ 


CHsOH 


CH, COOCH, 

(M) 


CH,(CH2)„CH(CH l.CH.CHsCOCCHJpCH, 


HCl 


CH 

(IHI) 

CH,(CHd„CH(CH )„_h.^CH, 

CH, 

(nn) 

m >= 0, 1, 2, or 3, n = 12, 13, or 14, p = 12, 13, 14, or 15 


chromium ovide catalyst (2 gm ,cf Adkins (15)), and dio\ane (13 ml ) were 
placed m a high pressure bomb of 250 ml \olume (the apparatus used 
was similar to that descnbed by Adkins (16)) and the hj drogenation per- 
formed at 250°, with an imtial pressure (at room temperature) of 139 
kilos per sq cm After 5 hours at 250° no further drop in pressure occurred 
The bomb ■nas allowed to cool to room temperature The reaction mix- 
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ture was centrifuged, and the liquid decanted fiom the catalyst The 
latter y as y ashed with ether in the centrifuge and this ethei added to the 
main poition The solvents weie distilled off and the lesidue (25 45 gm ) 
distilled Ihiough a 50 cm Podbielniak column Aftei a small foienm 
(0 3 gm ) distilling up to 152°, 0 8 mm , 20 85 gm of 15-methylheptadec- 
anol-1, b p 149 0-148 1°, 0 6 mm , weie obtained Yield 92 pei cent 
of the theoietical The distilled mateiial melted at 26 5° The alcohol is 
very soluble in the common oiganic solvents 

Anah/sis — CisHasO (270 5) Calculated C 79 94, H 14 1C 

Found “ SO 43, “ 14 17 

l-Iodo-15-methylheptadccanc (IV, m = 1, n = 13) — 15-Msthylhepta- 
decanol-1 (16 gm , 0 0592 mole), led phosphorus (0 6 gm , 0 019 atom), 
and iodine (8 0 gm , 0 063 atom) weie placed m a 100 ml lound bottomed 
flask fitted with ieflu\ condensei and calcium chloride tube and the mi\tuie 
heated in an oil bath to a tempeiatuie of 145-150° foi 3 hours, with oc- 
casional shalang Aftei cooling to loom tempeiatuie 50 ml of ether were 
added and the mixtuie agitated The ethei la 3 '-ei was decanted and the 
bottom layei extracted twice with small portions of ethei The combined 
ethei solutions weie freed fiom phosphoius by filtiation and then washed 
with Viatel and diied vvnth sodium sulfate Duiing the evapoiation of the 
ether about one-thiid of the solution was lost by accident The lesidue 
(13 5 gm ) was distilled, giving 0 3 gm of a foierun distilling up to 175°, 
1 0 mm , and 12 6 gm of colorless l-iodo-15-methylheptadecane, b p 
175-178°, 1 0 to 1 1 mm Yield (not coriected for loss) 56 pei cent of the 
theoretical 

Analysis — Ci8H„7l (380 4) Calculated, I 33 34, found, I 32 S8 

14-Meihylhepladccanol-l (HI, m — 2, n = 12 ) — Methjd 14-methyl- 
heptadecanoate (12) (11 2 gm , 0 0378 mole) vv'^as leduced in the mannei 
just desciibed foi the 15-meth3d-substituted isomei Distillation through 
a 50 cm Podbielniak column gave, aftei a foieiun (0 4 gm ) distilling up 
to 158°, 1 2 mm , 8 5 gm of 14-meth3dheptadecanol-l, b p 158 0-158 2°, 
1 2 mm , in the foim of a colorless liquid Yield 83 pei cent of the theoreti- 
cal 

Ana? 2 /S 2 s— CisHssO (270 5) Calculated C 79 94, H 14 16 

Found “ 79 96, “ 14 16 

l-Jodo-14-melhylhepladccane {IV, m = 2, n = 7,2)— 14-Methylheptade- 
canol-1 (6 85 gm , 0 02G3 mole) was conveited into the lodo deiiv'-ative in 
the maimei described foi the 15-meth3d-substituted isomei, by the use 
of 0 27 gm of red phosphorus and 3 55 gm of iodine Distillation under 
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reduced pressure gave, after a forerun distilling up to 146°, 3 mm , 8 65 gm 
of a slightly jellow-coloied l-iodo-14-methylheptadecane, bp 146-149°, 
0 3 ram Yield 89 per cent of the theoretical 

Analysts — CisHjrl (380 4) Calculated, I 33 34, found, I 33 30 

14-Methyloctadecanol-l (///, vi — S, n — 12) — Methjl 14-methyl- 
octadecanoate (12) (6 7 gm , 0 0216 mole) was reduced m the maimer 
descnbed above The residue obtained after working up the reaction mix- 
ture gave on distillation a forerun (0 2 gm ) distilhng up to 156°, 0 7 mm , 
followed bj’- 4 2 gm of 14-meth}loctadecanol-l, b p 156 0-156 3°, 0 7 mm 
Yield 68 per cent of the theoretical 

Analysts — CnH4oO(284 5) Calculated C 80 24, H 14 18 

Found “ SO 29, “ 14 22 

l-Iodo-14-meihylocladecane {IV, m = S,n = 12 ) — ^3 75 gm of 14-methyl- 
octadecanol-1 vere con\ erted into the lodo denvative, by the use of 0 15 gm 
of red phosphorus and 1 84 gm of iodine The reaction mixture was worked 
up and the residue distilled After 0 25 gm of forerun, bp up to 148°, 
0 2 mm , 4 3 gm (82 per cent of the theoietical) of l-iodo-14-methyloctadec- 
ane, b p 148-151°, were obtamed as a nearlj" colorless liquid 

Analysts — CitHjtl (394 4) Calculated, 1 32 15, found, I 31 99 

Synthesis of Ketones — The procedure used was m all cases the same, with 
imimportant vanations onlv, and we therefore limit the descnption of the 
syntheses to one tjiiical example The figures for the yields of the vanous 
ketones are included in Table lA'", and the analyses are given in Table I 

4-Methyltnlnaconfanone-19 (VII, m = 2, n — 12, p — 13) — l-Iodo-14- 
methyUieptadecane (1 0 gm , 0 00263 mole), methyl 3-ketoheptadecanoate 
(14) (0 8 gm), methyl- 7 ! -propyl ketone (5 ml, the commercial product 
(Shell) was dned by means of potassium carbonate and distilled im- 
mediately before use), and potassium carbonate (1 5 gm , analj-tical grade, 
dned by ignition in an open poicelam dish oxer a Bunsen burner) were 
placed m a 25 ml round bottomed flask pronded mth a reflux condenser 
and calcium chloride tube (before assembhng, all glass parts were thoroughly 
dned at 110°) and the mixture boiled under a reflux on a sand bath for 
18 houre Considerable bumping sometimes takes place and the glass 
parts of the apparatus should therefore be tied together in some xvay 
After coolmg, the mixture vas poured mto excess 5 per cent suKunc acid, 
ether added, and the organic laxcr washed twice with water The orgamc 
layer w as dned by means of sodium sulfate and the soh ents remox ed under 
reduced pressure The slightl}’- x’ellow alkj lation product was hj drolyzed 
and subjected to ketonic cleax’age bj addmg a solution of potassium hj drox- 
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ide (4 gm ) in atei (4 ml ) and methanol (60 ml ) and keeping the mixtiue 
at a tempeiature of 50° foi 20 houis, wnth occasional shaking The mi\- 
tuie was then poured into excess 5 pei cent sulfuiic acid and the lesulting 
mixture exti acted Yuth ethei The ethei solution was washed with watei 
and diied (sodium suKate) The ether was removed and the residue, a 
yellou solid, crystallized from acetone The jueld of practically white, 
miciociystallme material was 1 30 gm oi 67 per cent of the theoretical 
One lecrystalhzation from acetone of the mateiial thus obtained raised 
the melting point 0 7°, but further leciystalhzation caused no change 
The data for the ketones given in Table IV aie foi mateiial crystallized 
two or three times from acetone The ketones are sparingly soluble in 

Table I 

Anahjsts of Ketone‘! 


Per cent composition 


Compound 

Foimula 

Found 

Calculated 

C 

H 

C 

H 

2-Meth34tntnacontanone-18 

C34H,80 

82 74 

13 86 

82 85 

13 91 

3-Mothyltntnacontanone-19 


82 84 

13 98 



4-Methyltritriacontanone-19 


82 92 

13 88 



5 Mctliyltritriacontanone-20 


82 99 

13 91 



2-Methyltetratriacontanone-19 

CssHtoO 

82 65 

13 82 

82 92 

13 92 

3-Methyl tetratnacontanonc-19 


82 94 

13 83 



4-Methj ltetratriacontanone-19 


83 11 

13 91 



5 Methyltetratriacontanone-20 


82 93 

13 93 



2-Methylpentatriacontanone-18 

C.GH 7 .O 

82 88 

13 86 


13 93 

3 Methylpeiitatnacontanone-19 


82 94 

13 83 



4 -Methj lpontatnacontanoiie-19 


83 15 

13 91 



5-Mcthylpentatnacontanoiie-20 

! 

83 15 

13 85 




cold, but dissolve m boiling acetone and ethanol They are fairly soluble 
at room temper atuie m benzene and chloroform 

licduchon of Kelo7ies — The ketones were leduced to the corresponding 
hydrocarbons by Clemmensen’s method in the manner described below 
The ketone (1 gm ), amalgamated granulated zinc (60 gm ), concentrated 
li 3 ’’di ochloric acid (50 ml ), and glacial acetic acid (10 ml ) were boiled undei 
a reflux Three times daily the mixture was cooled, the liquid decanted, 
and fresh zinc (10 gm ), h 5 ’'drochloiic acid (50 ml ), and glacial acetic acid 
(10 ml ) added The total boiling time was 80 to 90 hours 
Pwificahon of Hyd) ocaihons — The crude Aj’^diocaibons from the re- 
duction maj^ contain unsaturated mateiial foimed during the reduction 
and some unchanged ketone Most of the latter may be removed by crj’^s- 
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tallization from acetone, m which the h3’'drocarbons are Coilsiderabl}’- less 
soluble than the ketones Further punfication as earned out by treating 
the hydrocarbons mth concentrated sulfunc acid at a temperature of 125- 
130° for 1 to 2 hours, as descnbed by Piper et al (8) Durmg the first 
treatment in this way considerable darkenmg occurred and the melting 
point of the recovered hj^drocarbon was, after crystaUization from acetone, 
0 5-1 0° higher than before the treatment The process had to be repeated 
two to three times before the sulfunc acid m contact with the sample 
showed no darkemng, but these later treatments m most cases did not cause 
any further change m the melting point of the hj’^drocarbon 
Finally, some of the hydrocarbons (see Table "IT) were subjected to molec- 
ular distillation m a still of the tj^ie made b5 Schott and Genossen (17) In 
Older to distil small quantities of hydrocarbons in tins apparatus, a special 
inset of alununum carrjnng a small flat platinum cup to hold the distiUand 
had to be used together with the vessel intended for sublimation expen- 
ments It was thought that molecular distillation might remove any bi- 
molecular reduction pioducts In no case did molecular distillation fol- 
lowed by recrystalhzation change the melting point or other properties of 
a hydrocarbon to a perceptible extent, however The analyses of the 
hydrocarbons are given in Table II 

The hydrocarbons are le^s soluble in boihng acetone than the correspond- 
ing ketones, but are fairlj soluble in ethyl ether at room temperature 
''i\Tien crystallized from sohents «uch as acetone or ethjd acetate, the 2- 
methjd compounds form small plates which on the filter are packed to- 
gether to flakes w ith a definite luster The 3-, 4-, or 5-meth\ 1-substituted 
hj'drocarbons crj^stalhze m the form of verj' small crj stals On the filter 
the soft crystal macs is packed together to a w hite mass which m the case 
of the S-methjl compounds shows a definite luster, but m the 4- and 5- 
methyl hj’’drocarbons shows a weak luster onlj^ and no macioscopic crystal- 
hmty 


X-ray and Thermal Invesiigalions 

Technique — ^The x-ray mvc»tigation was earned out with nickel-filtered 
Cu Ka radiation^ For w ork at room temperature (20-22°) a simple goni- 
ometer wath flat photographic films was employed Powdei methods had 
to be used, as it does not appear possible to obtain well formed cr3'stals 
of sufiicient size for single erj stal w ork from the matenal under examina- 
tion The ketones or hj^drocai bons were spread out m a thin laj er on small 
glass plates (6 X 20 mm , cut from microscope object glasses) The 
la3ers were prepaied b3'' pressing out the ci3stalhne matenal, bi melting 
the substance onto the gla^s plate b3 means of the hot ware technique 

* X = 1 5418 A, cj notice (/ Am Chem Soc , 69, 2919 (1947)) 
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(18), or by depositing wet crystals on the plate In the last case the com- 
pound was dissolved in hqt acetone and the solution allowed to cool slowly 
to loom tempeiatuie The ciystallme material that separated out was 
suspended in the mothei liquid and the resulting pulp dropped onto the 
glass plate On evapoiation of the solvent thin even layers lesulted The 
diffraction patterns obtained from these layers showed very sharp and 
distinct oiders of the long spacing but the side spacings were usually very 
weak or absent In oidei to bung out the latter, specimens piepaied by 
one of the othei methods had to be used In some cases the side spacings 
weie obtained from diffiaction patterns given by specimens m veiy thin 
walled glass capillaiy tubes (Keesom capillaries^ (19)) The glass plates 


Table II 

Analysis of Hydrocarbons 




Per cent composition 

Compound 

Formula 

Found 

Calculated 



C 

H 

C 

H 

2-Methyltntriacontane 

C34H70 

85 15 

14 70 

85 27 

14 73 

S-Methjdtntnacontane 


85 44 

14 56 



4-MethyItritnacontane 


85 41 

14 66 



6-Methyltntnacontane 



14 63 



2-Methyltetratriacontane 



14 75 

85 28 

14 72 

3-Methyltetratnacontane 


85 21 

14 73 



‘l-Meth 3 dtetratnacontane 


85 18 




5-MethyItetratriacontane 


85 31 

14 74 



2-Metli3dpentatriacontane 

C3(iH74 

85 31 

14 67 

85 29 

14 71 

3-Mcth3dpentatriacontane 


85 00 

14 65 



4-Meth3 Ipentatnacontanc 


85 03 

14 65 



S-Metl^dpentatnacontane 



14 66 




weie mounted with the surface cai lying the specimen along the a\is of the 
spectrogi aph and i ocked over an angle of 7° during exposure The distance 
fiom specimen to photogiaphic film was 10 oi 15 cm Ilfoid x-ra}'- (“red 
seal”) film and Agfa “Laue” film were used, the spacings given m Tables 
III, V, and VII have been coi reeled for film shrinkage 

Diffiaction patteins at tempeiatuies above room tempeiature were ob- 
tained "With anothei goniometei, which earned a theimostat similai to 
that used by Muller (20) The thermostat was made fiom a solid coppei 
lod 5 cm in diametei The openings foi the passage of the x-ray beam 
were covered bv thin cellophane Transformer oil from a well stirred 
bath, that could be set to any desired temperature by means of heateis 

* Obtained from Messrs Hanff and Buest, Berlin, Germany 


















STALLBERG-STENHAGEN AXD STENHAGEN 


391 


regulated by a contact thermometer and relay, was pumped through the 
hollow outer mantle of the goniometer thermostat via flexible, oil-resistant 
tubmg In the upper surface of the copper thermostat there was a threaded 
hole about 2 cm m diameter into which a threaded copper rod carrymg 
the specimen plate could be screwed The temperature of the specimen 
was read on an Anschutz type thermometer placed in a deep hole m the 
central copper rod The specimen could be held at the desired temperature 
within 0 1-0 2° for mdefinite periods, provided that the room temperature 
was reasonably constant The copper thermostat could be rocked through 
angles of 5°, 10°, or 20° during exposure In order to follow changes m 
the diffraction patterns with temperature, provision was made for record- 
mg up to ten different diffraction patterns on the same film by using a 
shield with a slit with a height of 6 mm m front of the film and displacing 
the latter a distance equal to the height of the sht on changing to another 
temperature The film distance was 5 or 10 cm and the mmimum time of 
exposure needed was about 10 mmutes, with a Phihps-MuUer tube rumimg 
at 15 to 20 miUiamperes 

The melting and sohdification of the hydrocarbons and ketones was 
studied with specimens in thin walled capillary tubes of about 1 mm m- 
temal diameter The tubes were sealed off and attached to an Anschutz 
type thermometer (graduated in 0 2° and having a range of 50-100°) m 
such a way that the specimen was in a position close to the mercury bulb, 
and the whole immersed m a well stirred Nujol bath contained m a glass 
beaker The thermometer used was compared carefully with the labora- 
tory standard If the heating and coolmg of the bath were carried out 
verj’- slowly, it was possible to reproduce melting and sohdification pomts 
ivithin 0 1° or better The specimens were observed through a binocular 
microscope with stereoscopic vision, havmg a magnification of 15 X 

Results 

Ketones— The vray and thermal data are collected m Tables III and IV 

The C34 and C35 2-methyl-substituted ketones have tv o different crj’-stal 
modifications vhich differ considerablv m melting point The x-ray study, 
which in the case of ketones has been liimted to an examination of pressed 
and melted specimens at room temperature, shovs that the higher melting 
modification has vertical molecules and the lover melting form tilted 
molecules For the C35 compound onlj one crystalline form vnth tilted 
molecules has been observed The behanor of the 3-, 4-, and 5-mcthjl- 
substituted ketones varies apparently in a somewhat irregular manner v ith 
the position of the side cham and the keto group, both aertical and tilted 
forms being obseiaed Tvo of the 4-methj 1-substituted ketones appear 
to be able to exist m three different cry'stalhne modifications 
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Table III 

Ciystal Spactngs for Methyl-Substituted Ketones 


The x-raj spacings are in Angstrom units 


Compound 

Crystallized from acetone 

Jlelted 

Long spacing 

Side spacings 

Ixmg spacing 

Side spaemgs 

2-Methj Itritriacontanone-lS 

45 3 V ' 

4 15, 3 75 

45 3 V 
and 35 8 

2 sets of 
spacings 

2-Methylteti atriacontanone-19 

47 2 “ 

4 10, 3 74 

47 2 V 

4 10, 3 74 

2-Methylpentatriacontanone-lS 

34 5 

3 S3, 3 50 

34 5 

3 83, 3 50 

3-Methyltritriacontanone-19 

45 9 V 

4 11, 3 74 

45 9 V 

4 11, 3 74 

3-MethyItetratriacontanone-19 

47 2 “ 

4 14, 3 76 

47 2 “ 

4 14, 3 76 

3-Methylpentatriacontanone-19 

48 8 “ 

4 12, 3 75 

36 5 

4 59, 3 76 

4-Metliyltritriacontanone-19 

45 5 “ 

4 11, 3 75 

45 5 V 

4 14, 3 75 

4-Methyltetratriacontanone-19 

41 9 

4 15, 3 74 

47 2 “ 
and 39 

2 sets of 
spacings 

4-Mcthylpentatriacontanoiic-19 

39 5 

4 14, 3 72 

42 7 

and 35 8 

(t (( 

5-Mothyltritriacontanone-20 

45 7 V 

4 09, 3 74 

46 3 V 

4 12, 3 75 

5-]Methyltotiatriacoiitanone-20 

47 3 “ 

4 12, 3 75 

48 V 

4 13, 3 75 

5-Methylpcntati iacontanone-20 

43 5 

4 14, 3 75 

48 9 V 

4 12, 3 75 


* V indicates veitical form 


Table 


Yield and Thei mal Data for Ketones 


Compound 

1 

Yield 

Mp 

Solidification 



point 

2-Mcthyltntnacontanone IS 

per cent 

51 

X 

75 8-76 0 

X 

70 5 

X 

70 3 

2-Methyltetratnacontanone-19 

62 

78 8-79 2 

72 8 

72 5 

2-Mcthylpentatriacontanone-lS 

53 

74 4-74 6 

74 4-74 6 

74 1 

3-Mcthj ltritnacontanonc-19 

68 

72 5 

70 5 

69 3 

3-Mcthyltctratnacontanone-19 

51 

69 9-70 1 

68 3 

68 2 

3 Mcthjlpcntatnacontanonc-19 

59 

69 3-69 5 

68 9 

68 8 

4-Mcthyltritnacontanone-19 

67 

65 2-65 4 

63 9 

63 8 

4-Methyl tetratnacontanone-19 

72 

66 0 

64 2 

64 2 

4-Methjlpentatriacontanone 19 

73 

66 2-66 4 

65 2 

65 1 

5-Methj ltritnacontanone-20 

77 

63 6-63 7 

62 7 

62 6 

5-Methyl tetratnacontanone-20 

67 

63 3 

63 3 

63 2 

5-Methjdpentatnacontanone-20 

59 

64 0-64 2 

64 0 

63 9 


The ketones gave in geneial good diffraction patterns showing at least 
se\ en to nine 001 leflections, with alternation in the intensities (even oideis 
veak) oving to the piesence of the keto group neai the middle of the cham 
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The appearance of crj^stalbne modifications in which the chains are 
tilted IS in marked contiast to the behavior of normal cham ketones which 
have only been found to ciystalhze with \ ertical chains (21) 
Hydrocarbons — ^The results of the v-ray mvestigation of the synthetic 
methyd-substituted hy drocarbons and of phtliiocerane are summanzed m 
Table V and the thermal data in Table VI 

Table V 

X-ray Data for Melhyl-Suhsltluied Hydrocarbons 


The x-ray spacings are in Angstrom units 


Compound 

Low temperature form* 

High temperature fonnf 

Long 

spacing 

Side spaemgs 

Long 

spacing 

Side spaemgs 

2-Methyltritnacontane 

35 6 

4 12, 3 70, 3 94 

38 7 

4 40, 4 08, 3 89 

2 Methyltetratriacontane 

33 8 

4 12, 3 66 

39 6 

4 41, 4 07, 3 88 

2 Methjlpentatnacontane 

37 6 

4 13, 3 71, 3 95 

41 1 
40 3J 

4 41, 4 08, 3 90 

4 23, 4 08, 3 95, 3 76 

3-Methyltntnacontane 

46 0 

4 12, 3 71 

40 5 

4 39, 3 96, 4 09 

3-Methj Itetratnacontane 

47 1 

4 12, 3 70 

40 0 

4 39, 3 95, 4 11 

3 Methylpentatnacontane 

48 6 

4 12, 3 71 

42 2 

4 37, 3 93, 4 11 

4-Methj Itntnacontane 

46 3 

4 11, 3 70 

42 2 

4 36, 3 97§ 

4-Methj Itetratnacontane 

47 7 

4 12, 3 70 

42 5 

4 36, 3 9S§ 

4-Methj Ipentatnacontane 

49 2 

4 12, 3 70 

44 0 

4 36, 4 00§ 

5 Alethyltntnacontane 

47 0 

4 12, 3 70 

42 2 

4 36, 4 m 

5 Metbj Itetratnacontane 

48 2 

4 11, 3 69 

42 8 

4 35, 4 00§ 

5-Methj Ipentatnacontane 

49 6 

4 11, 3 70 

44 0 

4 35, 4 01§ 

Phthiocorane 

46 3 

4 11, 3 70 

42 4 

4 36, 4 03§ 

Equimolecular mixture of 

3 methji- and 5 methjl- 
tritnacontane 

46 4 

4 11, 3 70 

41 6 

4 37, 4 03§ 

Equimolecular mixture of 

4 methj Itntn- and 4- 
meth j Ipentatnacontane 

47 3 

4 11, 3 70 

42 8 

4 35, 4 02§ 


* At room temperature (20-22°) 
t Near the transition point 

t Intermediate form at a temperature just belon the transition to the high tem- 
perature form 

§ Diffuse reflection 


The 2-methj 1-substituted compounds crjstalhze from acetone in tilted 
forms 11 Inch gii e i ery^ good \-ray diffraction patterns showing up to ten 
orders of the long spacing With increase in order there is a regular de- 
crease in the intensity' of the reflections The values for the long spaemgs 
of the loll temperatuie form giicn in Table V, iihich are probably correct 
to 0 25 A, indicate that there is alternation betiieen members liaiing an 
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odd and an even numbei of carbon atoms When the temperature is 
raised above room temperatuie, theie is a slight increase in the side spac- 
mgs, with practically no change m the long spacing until a transition to a 
high temperature form with a smallei tilt takes place Foi 2-methyltri- 
tiiacontane and 2-methylpentatriacontane this transition occurs at about 
11° below the melting point, while in the case of 2-methyltetratiiacontane 

Table VI 


Thennal Data for Melhyl-Subslituted Hydrocarbons 


Compound 

Transition point* 
on hcatms 

Mp 

1 

Solidification 

point 


-c 

°c 

°C 

2-Methyltritriacontane 1 

55 4 

66 1-66 3 

65 9 

2-Methyl tetratriacontane 

50 -55t 

68 1-68 3 

68 0 

2-Methy]pentatriacontanc 

58 0-60 6 

69 9-70 1 

69 7 

3-Methyltritriacoiitane 

48 9 

61 8-61 9 

61 7 

3-Methyltetratriacontanet 

51 9-52 8 

64 1-64 2 

64 0 

3-Methylpentatriacontaiie 

55 5-56 6 

66 0-66 1 

65 9 

4-Methyltntriacontanet 

45 6-46 4 

58 6-58 7 

58 5 

4-MethyJtetratriacontanet i 

49 4-50 6 

60 7-60 9 

60 6 

4-Methylpentatriacontanet 

53 2-53 9 

63 0-63 1 

62 9 

5-Methyl tntriacontane 

41 5-42 8 

55 5-55 7 

55 5 

6-Mcthyl tetratriacontane 

45 4 

58 0-58 1 

57 9 

5 -Mcthylpentatriacontane 

48 2-49 1 

60 3-60 4 

60 2 

Phthiocerane 

45 6-46 8 

59 1-59 3 

59 0 

Equimolecular mixture of 3- and 5- 
methyltritriacontane 

44 2-45 3 

59 1-59 3 

59 0 

Equimolecular mixture of 4-metliyltiitria- 
contane and 4-metbylpentatriacontane 

48 8-49 6 

60 8-60 9 

1 

1 

60 7 


* Determined from \-ray diffraction patterns taken at temperatuie inteivals of 
about 1° The temperatures between which the transition has been found to occur 
arc given One figure only means that both crystal forms have been observed at the 
temperature in question 

t Both forms were found to coexist over this temperature range 

1 Distilled in the molecular still 

the high lempeiatuie form begins to appear at about 18° below the melting 
point 

As IS to be expected, the high temperatuie foim gives somewhat weakei 
diffi action patterns than do the low tempeiatuie foims About seven 
clear oiders of the long spacing aie obsei ved, the intensity of the reflections 
deci easing m a regular manner The side spacings are, within the experi- 
mental eiioi, the same for the three hydrocarbons studied and this, to- 
gether with the regular inciease of the long spacing and the melting point, 
indicates that odd and even members in this case have the same crystal 
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form On coolmg 2-methylpentatnacontane a transition takes place on 
passmg through the point where the transition to the high temperature 
form takes place on heating, but now a third crj^stallme modification ap- 
pears The tilt of the molecules is mtermediate between those of the high 
and low temperature forms On further cooling the intermediate form 
changes into the low temperature form, which at room temperature shows 
spacings identical with those given by matenal onginally obtained bj’- crj's- 
talhzation from acetone 

The 3-, 4-, and 5-methyl-substituted hydrocarbons differ markedl}’- in 
crystal behavior from the 2-sub3tituted isomers The lov temperature 
form obtained by crj stalhzation from acetone has vertical molecules 
It IS known from the work of Muller (22) (c/ also Hengstenberg (23), 
Kohlhaas and Soremba (24), and Bunn (25)) that the so called A form of 
^.-hydrocarbons is orthorhombic The chains are rumung parallel to the 
c axis, and the lengths of the a and h axes are 7 40 to 7 45 and 4 93 to 4 97 A 
respectivelj' While other crystal forms are known for the n-h 3 ’'drocarbons 
(monochnic and tnchmc (22)), the normal chain ketones crj'stallize onlj’- 
in the orthorhombic form, the mtroduction of the keto group causing only 
a shght altering m the length of the short axes A comparison of the side 
spacings given by the \ ertical form of the methyl-substituted hj^drocarbons 
and ketones shows that the crystal structure must be identical with that 
of the normal chain compounds, as there is a close agreement between 
the hW reflections both as regards relative mtensities and the numencal 
values of the spacmgs The data given in Table show that the methjd 
group causes a verj’’ small increase in the length of the short axes The 
main effect of the methyl side chain is an elongation of the c axis and some 
disorder in the direction of this axis, indicated by the rapid falling off in 
intensity and disappearance of the QOl reflections of higher order The 
3-methyl compounds show four and the 4- and 5 methjd-substituted com- 
pounds three orders of the long spacmg The few orders obseix ed at small 
reflection angles do not allow the long spacings to be determined vith a 
high degree of accuracy The data given in Table V are probably' correct 
to 0 7 A The spacings are longer than the long spacings of the normal 
chain isomers and there is also a shght increase in the long spacing between 
the 3- and the 5-methjd compounds As the side spacmgs are the same, 
this means a decrease in deasitj'' which is paralleled bv a shght increase 
in the softness of the matenal 

Increase in temperature causes an increase in the side spacings and a de- 
crease in the long spacings, which become more pronounced when the transi- 
tion to the high temperature form is approached The temperature at 
vhich the transition occurs appears quite reproducible on slov heating, 
but on coohng there is a certain tendencj for the high temperature form 
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to be metastable at lowei temperatures This tendency is stiongest for 
the 3-methyl and least pionounced foi the 5-methyl compounds Foi 
instance, it -will be found that m specimens piepaied by the hot wiie tech- 
nique, m which the specimen is cooled lapidly, the long spacing at room 
tempeiatiiie is m the case of 3-methyl compounds that of the high tempeia- 
ture form The 4-methyl compounds, including also the equimolecular 
mixture of 4-methyltiitri- and 4-methylpentatiiacontane, show the pres- 
ence of both loims (two sets of lines in the diffraction patterns), while 
the 5-methyl compounds show the low tempeiatuie form only The 

Table VII 


Effect of Methyl Stdc Cham on Shoit Crystal Spacmgs of Ot thoi hombic Form 


Compound 

^ Spicmgs calcuKted from ItkO reflections | 

Calculated 
length of axes 
of orfhorkomhit ' 
unit cell 

Cross- 
scclion 
of unit 
cell 


no 

200 

210 

020 

310 

220 

a 

b 




A 

A 

A 

A 


A 

A 

A 

sq A 

4-Meth3'ltntna- 

4 

115 

3 70 

2 97 

2 47 

2 21 

2 06 

7 40 

4 95 

36 65 

contane 

n-Hentnacontanc* 

4 

10 

3 70 

2 96 

2 465 

2 20 

2 05 

7 40 

4 93 

36 45 

4-Mcthyltntriacon- 

4 

115 

3 75 

3 00 

2 465 

2 225 

2 06 

7 50 

4 93 

36 9 

tanonc-19 

Hentrncontanone- 

4 

11 

3 73 

2 96 

2 45 

2 21 

2 055, 

7 46 

4 90 

36 6 

12t 






1 






■‘Prepared by i eduction of hcntriacontanone-12 After purification by means 
of sulfuric acid in the usual manner, the hydrocarbon had within 0 1-0 2° the same 
melting point and tiansition points as those reported by Piper ct al (8) The long 
\-ray spacing was 41 45 A compared with a value of 41 55 A reported by the authors 
just cited 

t This ketone was S3mthesizcd in a jueld of 73 per cent of the theoretical from 
methyl 3-kctotetradccanoatc and n-octadeejd iodide Hentriacontanone-12 melted 
at 77 G-77 8° and gave on analysis C 82 97, H 13 74, calculated for C31HC2O, C 82 59, 
II 13 80 

mixtiue of 3- and 5-methyltiitnacontane behaves as the 4-methyl com- 
pounds do The long spacmgs of the high tempeiatuie foim of the Csb 
compounds aie closei to those of the than to those of the Cae hydio- 
caibons The diffciences aie within the expeiimental eiior, but may be 
due to alternation 

The intiodiiction of a methyl side chain thus completely alteis the high 
tempeiatuie behavioi of a long chain hydiocaibon It is well loiown from 
the ivoik of Mullei (20) that n-hj’-drocaibons show a tiansition point seveial 
degiees beloii the melting point at which the orthoihombic structuie 
changes abiuptl}’’ 01 giaduall}'' into a hexagonal packing of veitical chains 
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which perform strong oscillation or free rotation The methyl side chain 
evidentlj’- prei’-ents the rotation of the chains, the stable high temperature 
crj’-stal structure instead being one with non-rotating tilted chains 
In contrast to the 2-meth3d-substituted hydrocarbons the isomers ivith 
methyl groups in positions 3, 4, and 5 show distinct annealing effects 
I\Tien, for example, a specimen of 3-methylpentatnacontane crj^stalhzed 
from acetone is heated from room temperatuie, the long spacing decreases 
from 48 6 to 47 1 A just below the transition point, the spacings of the 
(110) and (200) planes increasmg at the same tune by about 0 02 A On 
coohng to room temperature the long spacmg increases to 47 7 A and 
the side spacings return to their former values K the specimen is 
heated again, but this tune to a temperature just above the transition 
point, and allowed to cool, the long spacing at room temperatuie is 44 5 A, 
but there is only a just perceptible inciease in the side spacings compared 
with the specimen crystallized from acetone The annealing thus causes a 
marked increase in densit}’’ of the hydrocarbon Similar results are given 
by the 4- and 5-methyl-substituted hydrocarbons, although the changes are 
somevhat less marked Annealing effects also occur in the case of noimal 
chain hydrocarbons (26) but do not seem to be of the order of magnitude 
encountered mth the methyl-substituted compounds 

Thermal Behavior of Synlhclic Hydrocarhons — T^Tien heated in melting 
pomt tubes, the hj’-drocarbons, which appear vhite and opaque at room 
temperature, gradually become somewhat translucent The transition 
to the high temperature form appears visual!}' as a slight clearmg up in 
the cr 3 'stal mass It is best obseri'ed on heating and u ith specimens that 
have been melted previously, but the phenomena are much less marked 
than the transitions of normal cham hydrocarbons and it is verj difficult 
to determine the exact transition temperature from visual observations 
Fusion takes place over a temperature range of 0 1-0 2° 

^^fflen the 2-methyl-substituted hydrocarbons sohdify, long transparent 
needles appear throughout the whole mass, complete sohdification taking 
place over a temperature range of about 0 1° On further cooling the 
material contracts, giving an ini erted cone air gap in the center of the tube, 
and the material becomes translucent rathei than transparent The tran- 
sition to the low temperature form on further cooling is xery difficult to 
observe x isually 

The 3-, 4-, and 5-methyl-substituted hydrocarbons solidify' in a manner 
different from that of the 2-methy'l compounds On slou cooling of the 
melt there suddenly appear clusters of small cry stals at se\ eral points u ithin 
the melt and these clusters grov rapidly' until the uliole tube is filled uith 
a white crystalhne mass The temperature range of setting is about 0 1°, 
and no inx'erted cone structure is seen on further coohng The transition 
to the low temperature form is x eiy difficult to obsen e 
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Supercooling has not been observed foi any of the hydiocarbons, the 
same solidification point being obsen'^ed vuth and without a nucleus 

Com-pansoji heiiieen PhtUocerane and Syntliehc Hydrocarbons— As already 
mentioned in the introduction, the puiified phthiocerane, crystallized fiom 
acetone, gives at room temperatuie a diffraction pattern showing three 
oiders of a long spacing of 46 3 A and two strong side spacings of 4 11 
and 3 70 A respectively At a temperature of 46° a transition to a tilted 
high temperature form takes place The high temperature form has a 
long spacing of 42 4 A and side spacings of 4 36 and 4 03 A The behavioi 
of phthiocerane is thus very similar to the hydiocarbons with a methyl 
side cham m position 3-, 4-, oi 5 Phthioceiane is a C 34 (01 possibly Cso) 
hydrocarbon, and the melting point data given in Table VI therefore in- 
dicate that the structure is that of a 4-methyl-substituted hydrocarbon 
Specimens prepared by the hot wiie technique also behave as do 4-methyl 
compounds in shoving the long spacings of both crystalline forais The 
x-iay data are almost identical with those of 4-methyltritriacontane, and 
the transition point is the same within the experimental eiror (0 5-1°) 
There is a small difference in the melting point, phthiocerane melting 0 5° 
higher than the synthetic hydrocarbon, but the general behavior on melting 
and solidification is exactly the same It is very unlikely that the observed 
difference rn meltrng pornt rs due to rmpurity m the synthetic hydrocarbon 
The x-ray diffraction patterns indicate, as a matter of fact, that the latter 
IS somewhat better crystalline than phthiocerane The intensity of the 
001 reflections falls off more rapidly m case of phthiocerane and specimens 
of this hydrocarbon prepared by the crystal pulp method show strong side 
spacings (hkO reflections), indicating a less oiderly orientation of the cij'^s- 
tallites with lespect to the glass plate than in the case of the synthetic 
compound 

The methyl-substituted hydrocarbons are sufficiently alike to form solid 
solutions on mixing, and it is possible to prepare artificial mixtures (cf , 
foi example, the data for the equimoleculai mixture of 3- and 5 -meth 3 d- 
tritriacontane given in Tables V and VI), the thermal and x-ray data of 
which are quite close to those of phthiocerane Conclusive evidence that 
phthiocerane is a 4-meth3d-substituted h 5 ''drocaibon has been obtained, 
hovevei, from a study of the infra-red absorption spectra of phthioceiane 
andthesynthetichydiocarbons, carried out by Dr G B B M Sutheiland 
and his collaboiatois at the Depaitment of Colloid Science, Cambridge, 
England It was found (27) that hydrocarbons with the methyl side chain 
in diffeient positions could be distinguished by their infra-ied absorption 
spectia and that the spectrum of phthiocerane was identical with that of 
the 4-meth5d compounds 

Many of the long normal chain primary alcohols found in natural waxes 
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are mixtures of closely related even numbered homologues (cf (8)), and 
the wax alcohols of the timoth}’- grass (28), the leprosy (29), and the avian 
tubercle bacillus (30) aie the similarly related secondary alcohols (+)-octa- 
decanol-2 and (+)-eicosanol-2 The possibility that phthiocerane is such 
a mixture must therefore be considered Gmger and Anderson (5) sub- 
jected the hydrocarbon to molecular distillation and found no evidence of 
mhomogeneity We have studied the behavior of a s 3 Tithetic mixture of 
3-methyltntnacontane and 3-methylpentatriacontane in the molecular 
still The mixture used had the same sohdification pomt as pure 3- 
methyltetratriacontane, mz 64 0°, the two components being present m 
very nearly equimolecular proportions Recrystallization of this mixtuie 
from acetone did not change the sohdification point After distillmg about 
40 per cent of the material introduced into the still, the distillate was 
collected and crystallized from acetone The sohdification point of the 
matenal thus obtained was 63 6° The residue in the still had, after similar 
treatment, a sohdification point of 64 3° The separation effected is suf- 
ficient to show that the possibihty that phthiocerane is a mixture of 4- 
methyldotnacontane and 4-methyltetratnacontane m about equal propor- 
tions can be excluded On the other hand, the detection of a very small 
amount of 4-methylpentatnacontane m 4-methyItntnacontane would be 
rather difficult About 6 per cent of the higher homologue will raise the 
melting pomt to that of phthiocerane 

Another possible cause of the shght differences found between phthio- 
cerane and the synthetic 4-methyltntriacontane may be that the reduction 
of phthiocerol has not resulted in a completely racemized hydrocarbon 
A small residual optical activity in a compound of this type, which has to 
be examined in dilute solution, might easily escape detection 

We are greatly indebted to Professor R J Anderson for a specimen of 
phthiocerane and for his interest m the work The microanalyses were 
performed by Mr W ICirsten m the nucroanalytical laboratory of this 
institute The expenses involved in this work have been defrayed by grants 
from the National Swedish Antituberculosis Association and from the 
Rockefeller Foundation 


SUXEUART 

In order to settle the question of the constitution of phthiocerane, the 
synthesis of a series of methjd-substituted hj’-drocarbons, having a total 
of 34, 35, or 36 carbon atoms and vuth the side chain m position 2, 3, 4, or 5 
from the end of the chain, has been undertaken 
The ctystal structure and the thermal behavior of the hydrocarbons 
are descnbed In particular, it is found that at room temperature the 
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2-methyl-substituted compounds exist in ciystal forms m which the long 
chains are inclmed (monochmc oi tiiclmic foims), while the ciystal structure 
of the 3-, 4-, and 5-methyl-substituted hydiocaibons at this tempeiatuie is 
the oithoihombic stiuctuie found in the case of noimal chain hydiocarbons 
The behavior at high temperature of the blanched chain hydrocarbons 
IS quite diffeient fiom that of the lattei, howevei At 10-15° below the 
melting point the methyl-substituted compounds show a transition to a 
ciystal stiuctuie vnth tilted chains (monochmc oi tiichnic form) which per- 
sists up to the melting point 

Phthioceiane behaves in the mannei just desciibed foi the 3-, 4-, and 5- 
methyl-substituted hydiocaibons The \-iay and thermal data as well 
as a compaiison of the infia-red absoiption spectra show that phthioceiane 
IS a 4-methyl-substituted hydiocaibon The x-iay data aie in close agree- 
ment with those of 4-methyltiitriacontane, but theie aie some minoi dif- 
feiences m the appeaiance of the diffiaction patteins, and phthiocerane 
melts 0 5° highei than does the sjmthetic hydiocaibon Some possible 
causes of these diffeiences aie discussed 
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A COLORBIETEIC REACTION OF CHLORIDE ION* 

Bt FRAKCIS BIKKLEy 

(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 
Department of Pathology, University of Utah School of Medicine, 

Salt La} e City) 

(Eeceived for publication, December 9, 1947) 

It has been fotmd that the reaction of halogens with certain alkaloids 
in the presence of persulfate may be used for the detennmation of chlonde, 
bromide, and iodide ions In the present report, the detennmation of chlo- 
nde will be discussed 


EXPERIMENTAL 

Specificity of Reactions — Several alkaloids were tested for their reaction 
with chlonde, bromide, and iodide ions The test sj'stem was as follows 
From 0 01 to 0 05 milheqiuvalent of the halogen compound (sodium salt) 
was placed m colorimeter cuvettes Water was added to make a volume 
of 5 ml and then 2 ml of 50 per cent phosphonc acid were added 1 ml 
of a 1 per cent solution of the alkaloid (in 5 per cent phosphonc acid) was 
added, the solution was mixed and 0 5 ml of a 1 0 per cent solution of 
potassium persulfate was added The tubes were placed m a boihng water 
bath for 30 minutes, aUoued to cool at room temperature for 30 mmutes, 
and diluted to the ongmal i olume The amount of color development was 
measured at 540 mp m a Coleman spectrophotometer, model 6-A The 
results wath brucine, strjchmne, and cmchomdme are summanzed in 
Table I 

From the results given in Table I it is seen that chlonde cannot be deter- 
mmed in the presence of bromide or iodide with brucme alone It is pos- 
sible, bamng interference, to determine chlonde m solutions contaimng 
no bromide or iodide, to determine bronude m the presence of chlonde and 
m the absence of iodides, and to detenmne iodides m the presence of chlo- 
ndes and bromides 

Chlonde Method — The method is essentially that given above, a solution 
of brucine is used but the penod of heatmg is e'ttended to 1 hour The 
usable range is from about 0 005 to 0 05 miUiequivalent (or from 0 1 to 
2 0 mg ) of chlonde ion m 5 ml of sample With suitable modification and 
small colonmeter cuvettes, the sensitintj' can be mcreased to 0 01 to 0 1 

* These studies were supported bj a grant from the Umted States Pubbc Health 
Service 
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mg m 1 ml of sample In Fig 1 the absorption curve as detei mined with 
the Beckman model DU spectiophotometei is given The wave-length 
of maMiniim absorption is m the lange of 490 m/j. 540 m^u has been found 
to be a moie useful vave-length foi measurement As shown m Fig 2, 
Beei’s law is obej^ed m the specified lange Thcoietical lecoveiies of 

Tabie I 


Approxijiiale Ratio<t of Coloi Devclopnienl of Halogens luiih Different Alkaloids 
S'lmplcs of 0 01 milhcquivalent of the sodium salts ucie compared, as described 
in the text 


Halide 

Brucine 

Strychnine 

Cinchonidine 

Chloride 

1 

0 

0 

Bromide 

5 

1 

0 

Iodide 

S 

1 1 

1 1 

1 




Fir 1 Fig 2 

1 10 1 Absorption spectrum of the color developed in the reaction of 0 004 milh- 
f qui\ alcnt of chloride ion ii itli brucine and persulfate 

Fio 2 Dependence of color development upon concentration of chloride ion 

chlonde veie found foi cj^steme, aiginine, lysine, and histidine hydio- 
chloiulos Othoi halogens veie the only impoitant souices of inteiference 
encountered 

Dclcnmnahon of Chloride m Plasma or Senmi— The method foi the 
determination of chloride has been adapted to the detei mination of chloride 
m plasma and scium in the absence of bromides 2 ml of an oidinary 
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1 10 tungstate or tnchloroacetic acid filtrate were used The piotem 
precipitant was added to the standards to compensate for contamination 
inth chlonde The colonmetnc method was compared inth the titnmetnc 
method of Schales and Schales ^ The colorimetric method proved to be 
more reproducible than the titnmetnc method In general, hove\ei, the 
colonmetnc values were about 2 milhequivalents per liter higher than bj^ 
the titnmetnc procedure In a senes of 100 determinations covenng all 
tjqies of conditions met in the routine laboratorj’’, the colonmetnc procedure 
averaged 1 6 milliequivalents per hter highei than the titnmetnc procedure 
The details of the clinical apphcation of the method mil be piesented else- 
where 

Bromide Method — If strj’'chnine is used as a coloi leagent, bioimde ma}"- be 
determined in the presence of chlonde In the absence of chlorides, the 
method in w hich brucine is used as a color leagent is more sensitive TlTien 

Table II 


Recoiery of Bromide tn Presence of Chloride 
Chlonde was present in amounts equivalent to 100 milliequivalents of chlonde 
per liter of plasma 


Bromide added 

1 Bromide recovered 

Recovery 

mxq 

t 

m eq 

per cent 

0 010 

0 009 

90 

0 020 

, 0 019 

95 

0 030 

j 0 031 

103 

0 050 

0 055 

no 


strj’-chnme is used, a shorter penod of heating (15 mmutes) is desirable 
The sensitivity is of the same order as for chlonde mth brucme as the le- 
agent Little opportumty has been found to appli’- the method to biological 
matenals but recoverj’- experiments have mdicated that bromide m con- 
centrations of from 25 to 200 milheqmvalents per hter of plasma may be 
accurately estimated In Table II, recovenes of bromide m the presence 
of chlonde are illustrated These samples were compared mth standards 
contammg no added chlonde If chlonde was added to the standards to 
approximate the chlonde concentration of plasma, theoretical recovenes 
W'ere obtained 


SUMMAiri 

Colonmetnc methods for chlonde and bromide ions have been descnbed 
The method for clilondes has been apphed to the determination of chlonde 
in plasma in the absence of bromide 


' Schales, O , and Schales, S S , J Biol Chem , 140, 879 (1941) 






COLORBIETRIC ESTIRIATION OF CYSTEINE* 
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{From the Laioralory for the Study of Hereditary and Metabolic Disorders and the 
Departments of Biological Chemistry and Medicine, Umiersity of Utah 
School of Medicine, Salt Lai e City) 

(Received for publication, December 9, 1947) 

In the preceding paper (1), the apphcation of certain reactions of alka- 
loids to the determination of chlonde and bromide ions n as descnbed It 
■was found that m the presence of C3'steme, m a similar sj^stem, but at low er 
temperatures, the reaction was modified so that a blue color was produced 
The production of the blue color was proportional to the concentration of 
cj'steme for a rather wide lange of concentrations In the presence of a 
high concentration of pliosphonc acid, color formation with cjsteme was 
repressed and, therefore, sulfunc acid was used Acid concentration was 
found not to be a cntical factor as long as uniform conditions were raain- 
tamed Since the color produced b}' cj steme was rapidl3 destroyed at the 
temperatuie of a boilmg water bath, C3 steme did not interfere with the 
determination of halogeas 

The specificit3 of the method appeared to be somewhat greater than that 
of the reaction of Sulhi an and Hess (2) As 3’'et, no extraneous compounds 
or denvatives of C3'steme hai e been found to react 

EXPERI3IEXTAL 

Determinahon of Cyslcinc in Pure Solution — ^To amounts of C 3 ^steine 
vaiymg from 0 0005 to 0 005 miUiequivalent in 5 ml of solution w ere added 

0 5 ml of 50 per cent sulfunc acid, 2 ml of 1 per cent brucme m 5 per cent 
sulfunc acid, 0 5 ml of a 10 per cent solution of glycme, and 0 5 ml of a 

1 per cent solution of potassium persulfate The development of color 
was allow ed to proceed m a water bath adjusted to 30° for 30 mmutes and 
w'as estimated at 660 mp m a Coleman spectrophotometer, model 6-A 
The data obtamed are summanzed m Fig 1 The absorption spectrum of 
a sample was detenmned wuth a Beckman spectrophometer (model DU) 
and IS reproduced m Fig 2 The wave-length 660 m;j was selected for 
routine measurements smce, at this wave-length the absorption due to a 
reaction wuth halogens was neghgible 

Specificity of Reaction — ^The following ammo acids were tested and found 
not to influence the reaction when present m concentrations 10 times greater 

* These studies were supported bj a grant from the United States Public Health 
Service 
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than that of the cysteine alanine, glycine, valine, leucine, histidine, lysine, 
tn’ptophan, seiinc, thieonme, piolinc, hydioxypioline, glutamic acid, 
aspaitic acid, argmine, tyiosine, phenylalanine, and thyioxine The hst 
of sulfur-containing compounds which weie negative includes glutathione, 
r3’'stem3dglycine, homoc3'’steme, methionine, S-benzylc5''steme, N-benzoyl- 
cysteine, N-acetylcysteine, thioglycohc acid, hydiogen sulfide, S-methyl- 
cj'steme, cj^stme, ahd homoc3’'stine Glucose, puiines, and pjTimidines 
vere not found to inteifcie The method was found to be unsuitable in 




Fio 1 Fig 2 

Fig 1 Dependence of optical density upon concentiation of cysteine The 
measurements ncre made in a Coleman junioi spectrophotometer, model 6-A, at 660 
mu 

Fig 2 Absorption spectrum of the reaction of cjstcinc with biucine and persul- 
fate The measurements ncrc made m a Beckman model DU spectrophotometei 
with a solution containing 0 001 niM of cysteine The results aie corrected for the 
ibsorption of a reagent blank 

the incsence of ascoibic acid, cpinephime, thiouiea, and heav}'' metals 
such ‘lb meicuiy and lead, all of which mteifeied ivith coloi development 
The method of Sullivan and Hess ( 2 ) was compaied with the pioposed 
method The leactions with C 3 ’^stcine and chaiacteiistic deiivatives of 
cysteine aie summarized in Table I 

It is appiient that the leaction of Sullivan is positive foi caibo\yl-sub- 
stituted del natives of C 3 ’’steine, w 4 ieieas the pioposed method is positive 
onl3 with the unsubstituted C3’’stemc molecule Similai obseivations on 
the method of Sulln an and Hess have been made by White ( 3 ) 
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Delenmnahon of Cystine in Pure Solution — ^After reduction with metalhc 
zinc, but not after treatment with sodium amalgam (since heai*y metals 
mterfere), cj stme was detennined either alone or m the presence of cysteme 
To 10 ml of the solution containing between 0 0001 and 0 001 milheqmva- 
lent of cj’-stine per ml m 0 1 N HCl were added 50 mg of zinc dust The 
mixture was placed m a boihng w ater bath for 30 mmutes, cooled to room 
temperature, and diluted to the ongmal volume The determination from 
this point was identical with the determination of 03 steine If a sample 
treated mth zinc and an untreated sample vere used, it was possible to 


Table I 

Reactions of Method of Sullnan and Hess and Propo’^cd Method with Cysteine and 

Its Deniatiies 


^Tethod 

Cj'steine 

C>*stem>l 

gljcine 

S-Bcnzjl 

cj’steme 

N Ben 2 oyl 

0 Sterne 

Sulliv an 


+ 


— 

— 

Proposed 


+ 

— 

— 

— 


Table II 

Recoiery of Cystine and Cysteine in Mixtures 
The mixture nas composed of equal parts of half C3stiDe and ci steine, cj steine 
was used as a standard 


Amount added 

C>stine after Zn 
treatment 

1 C> Stine + c> steine 

' C>stmB cjsteiiie 

after Zn treatment 

mU 

nv 

mjf 

mu 

0 00100 

0 00105 

0 0004S 

0 00101 

0 00200 

0 00200 

0 00102 

0 0020s 

0 00250 

0 00246 1 

0 00123 

0 00256 

0 00300 

0 00301 

0 00151 

0 00307 


estimate C3’'steine and cystine in the same solution In Table II sample 
reco'venes ivnth solutions and mixtures of C3’steme and C3'stme are given 

The method has been applied to the estimation of C3stine and cysteme 
in h3’’drolysates of proteins Theoretical values have been found in the 
recovery of C3’'steme or cystine added to h3’^drol3’-sates prepared with sulfunc 
acid, these results, together vith a comparison of the proposed method vath 
other methods for C3’’stme and C3'steine in the anal3 sis of proteins, will be 
presented at a later tune 

An apphcation of the method to the determmation of cysteme m 61123^- 
matic digests is desenbed in the follovang pubhcation (4) 





















410 


ESmiATION OP CYSTEINE 


SUjMMAEY 

A new colorimetric method for cysteine has been described 
to be a more specific method than those previously described 
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I^IETABOLISM OF GLUTATHIONE 

I HYDROLYSIS BY TISSUES OF THE RAT* 

Bt FRANCIS BINBXEY and KAY NAKAMURA 

(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 
Departments of Biological Chemistry and Medicine, University of Utah 
School of Medicine, Salt Lai e City) 

(Received for publication, December 9, 1947) 

Glutathione is an obtnous model for the study of the enzymatic synthesis 
of peptide bonds and, in addition, very httle is knowm of the functions of 
glutathione m the organism It is, therefore, of some interest to study the 
hydrolysis of this compound by enzjTnes of animal tissues Previous 
studies of this problem (1-3) have been handicapped'by the lack of adequate 
methods for the identification of the products of the h 3 '^droljsls The 
method for cysteme, described in the precedmg report (4), together with the 
method of SuRivan and Hess (5) for the determination of cysteme plus 
cystemylglycine has been found to provide adequate means for studymg 
the hydrolysis of glutathione by tissues of the rat Ammo-substituted 
derivatives of cysteme, such as y-glutamylcysteme, are not measured by 
either method Schroeder and Woodward (1) have reported earher that 
y-glutamylcysteme does not react m the method of SuUivan 

EXPEKHIENTAL 

Methods of Analysis — Smce cystemylglycine plus cjsteme is measured 
by the Sulhvan and Hess method and only cjsteme by that of Nakamura 
and Binkley, it was possible to determme cysteinylglycme as the difference 
between the two methods In Fig 1 the absorption curves of the reaction 
of cysteme and of cystemylglycme with the Sulhvan reagents are given ^ 
It IS seen that at 540 m^ the absorption of cystemylglycme was identical 
with that of cj'steme Hence, readmgs taken at 540 m/i were a measure of 
cysteme plus cystemylglycme 

An alternative method of measurement of cystemylglycme was apparent 
from the characteristics of the absorption curves m Fig 1 When two ar- 
bitrary wave-lengths for measurement, one on each side of 540 my, were 
taken (500 and 580 mii were selected), it was possible to determme cystem- 

* These studies were supported by a grant from the Umted States Pubbc Health 
Service 

‘ The measurements reported here were made with a Coleman junior spectro- 
photometer, the same instrument that was used in the analjsis of the digests The 
results are illustrative only and are not to be construed as a determination of ab- 
sorption curv es of the Sulliv an reaction as determined with a precision instrument 
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/^cme and cj'steine in the presence of each other by the Sulhvan method 
alone The latios of the optical density at 500 m/i to that at 580 mu were 
deteinimed for a wide lange of mi\tuies of cj^steinylglycine and cysteine, 
a straight line lelationship was obtained (Fig 2) Fiom measuiements of 
optical density made at 500, 540, and 580 m^i, it was possible to calculate 
the concenti ation of cj'^steme and cysteinylglycine in one sample Fi om the 
measuiement at 540 m^, the total of cysteine plus cysteinylglycine was ob- 
tained fiom a cahbi ation chait piepaied with known amounts of cj^steme 
Fiom the latio of the density at 500 to that at 580 nm, the peicentage of 
cysteine was obtained fiom a chart similai to Fig 2 



Fig 1 Absorption curve of the Sullivan reaction nitli cj'steine and cysteinyl- 
gl>cinc The upper lines are for a coneentiation of 5 X 10-* mM of each substance 
and the low er lines are for a concentration of 2 X lO"* him of each substance The 
solid line and that of the upper curve in the lowei pan are absorption curves of 
cjstcinjdgljcine 

All analybcs weie made on 2 ml of a tiichloioacetic acid filtiate The 
coneentiation of the tnchloioacetic acid in the filtiate was 5 per cent It 
was necessai}'-, foi the Sulhvan method foi cysteinylglycine, to prcpaie 
a chait snmlai to Fig 2 but containing, in each deteimination, the amount 
of trichloroacetic acid found in the filtiates The two methods for ej's- 
tcnndglycino gave good agieement thioughout these studies, the lesuUs 
reported hetc as cysteinylglycine are those determined as the diffeience 
between the methods of Nakamura and Binkley and of Sulhvan and Hess 
Cjsteine y allies aie tliose of the method of Nakamura and Binkley* 

* If glutathione, in a solution of 5 per cent trichloroacetic acid as in the filtrates, 
was autocliaed nt 20 pounds for 30 minutes, an almost quantitative release of cys 
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Preparaiton of Homogenates and Extracts — Tissues, from rats killed by 
decapitation, were groimd immediately with 10 volumes of salme m a glass 
tissue grinder (Scientific Glass Apparatus Company) This homogenate 
was used without further treatment m those instances designated as homo- 
genate To prepare an extract, the homogenate was centrifuged for 
approximately 15 mmutes at 3000 r p m The supernatant was used m 
those experiments designated as extract 



Fig 2 Relation of percentage of cysteine to the 500 580 dim ratio Vanous mix- 
tures of cysteine and cysteinylglycine were prepared and the ratios of density at 500 
ran to that at 580 mp of the Sullivan reaction of the mixtures were detenmned 

In the preparation of the dialyzed extract, the material was placed m 
Viskmg cellulose casmg and allowed to remam m runmng tap water for 
2 hours In certam experiments the dialysis was against distilled water 
at 4° for 24 hours 

The foUowmg routme was followed for all work reported here To 5 ml 


temylglycine was obtained No cysteine was formed Under similar conditions, 
7 glutamylcysteine should be decomposed to cysteine This method was used for 
the detection of 7 glutamylcysteine No indication of the presence of 7 -glutamyl- 
cysteine was obtained in the analysis of filtrates from the hydrolysis of glutathione 
by enzymes of the kidney of the rat It will be desirable, however, to check results 
by the method with authentic samples of 7 -glutamylc 3 fsteine 
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of 0 1 M buffei -were added 2 ml of glutathione (5 mg pei ml except in the 
substiate concentration studies), 2 ml of enzyme piepaiation, and watei to 
make a total of 10 ml Metal ions and otliei matenals weie dissolved m 
watei and added in lieu of water All solutions weie satuiated with nitio- 
gen and the digestions were at 30° in stoppered tubes undei an atmosphere 
of nitrogen 4 ml of the digestion mixture weie taken for each analysis 
and were added to a mixture of 5 ml of water and 1 ml of 50 per cent 
tnchloioacetic acid The filtrate was used unmediately in the analyses, 
it was found unnecessary to reduce before the determinations The buffer 
called “barbiturate” was made from diethyl barbiturate (veronal) 

Activity of Different Tissues — Only the kidney of the rat was found to 
contain enzymes capable of cleaving glutathione to cystemylglycine and 

Table I 

Hydrolysis of Glutathione by Different Tissues 
Homogenates of the tissues, prepared as described in the text, were tested in 
barbiturate buffer, pH 8 0 The time of incubation was 90 minutes at 30° 


Tissue 

Cysteine produced 

Cystemylglycine 

ptoouced 

Rat 

Kidney 

4- 

+ 


Liver 

— 

— 


Spleen 

— 

1 ~ 


Heart 

_ 



Skeletal muscle 

— 

— 


Testicles 

— 

— 

1 

Thymus 

— 

— 

Pig 

Kidney (desiccated) 

— 

■h 


Pancreas (desiccated) 

— 

+ 


Duodenum ” 

1 

— 

— 


cysteine Liver, spleen, muscle, heart, testicles, and thymus were found 
to have no activity (Table I) Desiccated pancreas, but not desiccated 
duodenum, of the pig contained an enzyme capable of cleaving glutathione 
to cystemylglycine Grassmann et al (6) have reported that oxidized 
glutathione is hydiolyzed to glycine by carboxypeptidase of pancreas 
Comparison of Different Preparations of Rat Kidney — -Homogenates, 
filtiatcs, and dialyzed preparations from the same kidneys were compaied 
The results aie given m Table II Consideiable activity is lost by centrif- 
ugation and a fui ther small loss is found with dialysis 
Effect of Heating Enzyme Preparation— %sxaff[o 5 of dialyzed extract and 
ciude extract were heated at 40°, 50°, 60°, and 70° for 15 minutes, cooled to 
room temperature, centrifuged to remove flocculated protein, and tested 
foi activity In Table III the results are given It is apparent that the 
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actmty of the preparation toward cystemylglycme is more or less selectively 
destroyed by heating The sensitivity to heat is greater with the dialyzed 
preparation 

pH-Achvtly Relahonskip of Dialyzed Material — ^Actmty of the dialyzed 
preparation was tested at different pH values, from 4 8 to 8 3 At lower 

Table II 

Comparison of Different Preparations of Kidney Tissue 
The different preparations were tested in barbiturate buffer, pH 8 2 Incubation 
was for 90 minutes at 30° 310 X 10~< msi of glutathione in each digest 


Preparation ' 

Cysteme produced i 

1 

C> Sterne •h 
cystemylglycme 
produce 

Homogenate 

mu XJ0~* 

168 

mu X lO-t 

243 

Filtrate 

60 

212 

Dialyzed filtrate 

48 

187 

“ " heated at 50° 

36 

137 


Table III 

Heat Inactivation Studies 


The preparation i\as heated for 15 minutes at the indicated temperature and 
tested in barbiturate buffer, pH 8 2 The incubation was for 30 minutes at 30° 
310 X ICh* mw of glutathione present 


Preparation 

Temperature of 
beating 

1 

' Cj Sterne produced 

Cystemylglycme 

product 

Dialyzed extract 

c 

Control 

mu X 10-* 

50 

mu X ltt"‘ 

169 

tt ft 

40 

49 

130 

ft <{ 

50 

17 

104 

ft ft 1 

60 

0 

0 

ff if 1 

70 

0 

0 

Crude extract 

Control 

98 

182 

(( ft 

40 

90 

176 

ft ft 

50 

66 

169 

ft ft 

60 

18 

94 

ft ft 

70 

0 

0 


values of pH, the ability to produce cysteme was decreased The optimum 
conditions for the production of cysteme appeared to be well on the alkahne 
side, toward pH t alues of 8 0 (Table IV) 

Comparison of Phosphate and Barbiturate Buffers — ^In the experiments on 
the activity of the dialyzed preparation at different pH values, the buffers 
employed were acetate, phosphate, and barbiturate At values near pH 
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8 0, the activity, in the presence of phosphate buffei, was much greater 
than mth barbituiate buffei (Table V) This apparent activation by 
phosphate is probably due to the removal of calcium ions As is shoum m 
Table V, calcium ions are mhibitoiy, the inhibition can be removed by the 
addition of phosphate oi citiate 

Effects of Various Metallic Ions— The dialyzed piepaiation was utilized 
in a study of possible metal activation (Table VI) In confiimation of the 

Table IV 

■pH Achvily Curve of Dialyzed Exhact 

0 1m buffers v ere used throughout The time of incubation was 30 minutes at 
30° 310 X lO”'* mM of glutathione present 


pH 

Buffer 

Cysteine produced 

Cysteine -{- cystemyl 
glycine produced 

4 8 

Acetate 

mu X 10-i 

0 

mu X 10-* 

63 

6 5 

Phosphate 

33 

63 

7 0 

<< 

49 

84 

7 5 

(( 

62 

105 

8 0 

Barbiturate i 

29 

105 


Table V 

InJnbitoiy Effect of Calcium and Effect of Phosphate Buffer and Citrate 
All digests Merc in 0 05 m buffer, pH 8 0, with an extract of kidney tissue The 
time of incubation was 90 minutes at 30° 310 X IQ-^ mv of glutathione present 


rTperjment 

No 

Digest 

Cjsteine 

produced 

Cysteine + 
cysteinylgly cine 
produced 

I 

Barbiturate buffer 

mu X 10~* 

125 

mu X 10'* 

187 


Phosphate buffer 

162 

212 

II 

Barbituiate buffer 

162 

200 


“ “ -f 0 01 M CaCls 

75 

162 


‘ “ -f 0 01 “ Na citrate 

200 

200 


above expeiiments, calcium was found to inhibit the enzyme pioducing cys- 
teine hlagnesium behaved like calcium, cobalt appaientl}'’ inhibited both 
( nz} mes 

Other Ocean inccs of Enzyme llych ohjzing Cyslcinylglycinc — If the dialyzed 
piepaiation is heated at 50° for 15 minutes, most, if not all, of the activity 
tovaid cystcint Iglycine is destro 3 ^ed The addition of an extract of hvei 
tissue lestores the actnity The icstoiation is abolished by heating the 
luci cxtiact at 70° foi 15 minutes (Table VII) Similai icsults were ob. 
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tamed ith extracts of muscle The enzjTne h 3 drolj zmg cj'stemj Iglycine 
IS, therefore, of mder occurrence than the one hj droh zmg glutathione to 
cj’-stemj Iglj cme 


Table VI 
Effects of Metal Ions 


Incubation for 30 minutes ivith a dial>zed e'^tract at 39° in 0 05 m barbiturate 

bufifcr at pH 8 2 310 X 10~* nut of glutathione present ‘Metallic ions were added, 
as chlondes, to make a final concentration of 0 001 m 


irct4,llic ion 

C> Sterne produced j 

Cjsteinc -r c>5tem 
jlgljcinc produced 


m>t X \ 

1 mu X 10-i 

Control 

66 

126 


33 ! 

i 126 

Co++ 

25 i 

1 81 

Mn"^ 

68 

1 112 

Ca+* 

0 1 

1 126 


Table VII 

Effect of Extract of Liter on Glutathione Hydrolysis 
Dialj zed e\tracts of kidnej and lu er tissue were used 1 ml of liver e'^traot and 
1 ml of ladnej extract, in a total volume of 10 ml , were tested as indicated in 0 05 it 
barbiturate buffer, pH 8 2 The time of incubation was 90 minutes at 30° 310 X 

10~< nut of glutathione present "Heated” preparations ivere extracts heated at 
the temperatures indicated for 15 nunutes 


En 2 >*rac prcpiaration 1 

Cjstcinc produced 

Cjsleme — 
<75161113 Igb cme 
product 

Lu er extract 

mu X iO-* 

0 

mu X lD-« 

0 

Kidney “ 

19 

245 

Liver “ -f- kidnej extract 

143 

236 

Heated kidnej extract (50°) 

0 

238 

“ “ “ (50°) -b lu er extract 

130 

286 

“ " " (50°) + heated liv er extract 

(70°) - 

0 

2S7 


Consideration of Kinetics of Hydrolysis — In Figs 3, 4, and 5 certam 
aspects of the kinetics of the h)’’drolj’'sis of glutathione to C 3 ^stem 3 dgl}’’cme 
and C 3 ’steme are summanzed The data, summarized m Figs 3 and 4, 
Mere charactenstic of consecutue reactions The production of C 3 steme 
Mas dela 3 'ed until the concentration of C3 stem3 lgl 3 cme reached apprecia- 
ble le\ els The concentration of C 3 'stein 3 lgl 3 cme M'as found to reach a con- 
stant value The experiments reported in Figs 3 and 4 were with the same 
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Fig 3 H 3 ’^drolysis of glutathione 1200 X 10— ' mw of glutathione was incubated 
Mitli a dialj'zed extract of kidney tissue in 0 05 m barbiturate buffer, pH 8 2 The 
upper broken line represents the production of cysteinylglycine plus cysteine, the 
production of cj'steino is represented by the lower broken line, and cysteinylglycine 
production is represented by the solid line 



IS 50 60 90 120 

Mino-tes 


I'lc 1 H 3 drol 3 Sis of glutathione COO X 10~'‘ niM of glutathione was incubated 
Mith a diahzcd extract of kidnc 3 tissue in 0 05 m barbiturate buffer, pH 8 2 The 
upper line represents the production of C3'’steinylglycinc plus cysteine, the production 
of c 3 stcinc is represented b 3 the solid line The lonest line represents the produc- 
tion of c\stein\lgl 3 cine 

exliacl With the gieatei amount of substiate (Fig 3), the concentiation 
of cy^temj Iglycine remamed constant for the gi eater part of the hydrolysis 
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With less substrate (Fig 4) hydrolysis was practically complete and, as 
would be expected, the concentration of cystemjdglycine decreased sharply 
as the hydrolysis neared completion A comparison of Figs 3 and 4 is 
mterestmg It is apparent that higher concentrations of glutathione are 
mhibitory m so far as the formation of cysteme is concerned 
The data, summanzed in Fig 5, relating the velocity of the hydrolysis 
of glutathione to cysteinylglycine to the concentration of the substrate, 
glutathione, are characteristic of hydrol3i,ic enzymes At low concentra- 
tions, tlie reaction was found to follow first order kmetics, changmg to 
zero order kmetics at higher concentrations 



Fig 5 Velocitj substrate concentration relationships Onl 3 ' the values for cys- 
teine plus cysteinylglycine are recorded Incubation was in 0 05 it barbiturate buffer 
iiith a dialjzed extract of kidne> tissue Velocitj is expressed in mxi X 10~i per 
minute and glutathione concentration is in mii X lO"' per ml of enzjTne in a total 
volume of 10 ml The broken line represents the results with the dialyzed extract 
The solid line represents the dialj zed extract with 0 001 jr MgClj 

The only vahd indication for the participation of an morgamc ion was 
obtamed from these studies Previous studies (Table '\T[) mth the sub- 
strate in low concentration, were found to give equivocal results When 
measurements vere made vath higher concentration of substrate, it was 
found that at levels of substrate near or greater than saturation additional 
substrate was inhibitoiy The mhibition bj^igher concentrations of sub- 
strate was laigelj' abolished bj’" the addition of magnesium ions As is 
illustrated in Table "^T, magnesium ions were founebTo lie inhibit orj-- m so 
far as the production of C3steme nas concerned The results in Fig 5 
lelate onl3 to the production of C3"stein3’’lgl3 erne, the production of cv'steme 
was again found to be inhibited b3'' the addition of magnesium ions 
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DISCUbSION 

The lesiilts lepoited heie aie pielimiuaiy to a puiification and detailed 
stiidj^ of the enzymes lesponsible foi the hydiolysis of glutathione The 
evidence is compatible ivith the concept that the hydiolysis of glutathione 
to cysteine is a two-step process involving the mteimediary foimation of 
cj stemylglycme In man}’- evpeiiments, quantitative foimation of cys- 
temylgl}cine vas indicated Theie was little leason, theiefoie, to assume 
that appieciable amounts of y-glutamylcysteme weie foimed No 7- 
glutamylcysteme vas detected by a method assumed to be of suitable 
specificity and sensitivity 

The enz}’me responsible foi the hydiolysis of glutathione to cysteinyl- 
glycine was found to be moie stable to heat and to be active at lov ei values 
of pH than the enzyme lesponsible foi the hydiolysis of cysteinylglycine 
In so fai as mtiacellulai enzymes aie concerned, the enzyme lesponsible foi 
the hydiolysis of glutathione to cysteinylglycine is, m the lat, limited to 
the kidney The significance of this limited distiibution is not appaient 

The enzyme lesponsible foi the hydiolysis of cystemylglycme was 
found in muscle and hvei as well as m the kidney and piobably occurs in 
all tissues Studies aie under way, with cysteinylglycine as the substiate, 
to dctcimme whethei this enzyme is identical with any of the pieviousl} 
chaiacteii/ed peptidases of tissues 

Little, if any, cleai cut eyidence was found foi the occmience of a dia- 
lyzable tomponent ol the enzyme s}stem These lesults aie m shaip dis- 
agi cement with those of Neubeck and Smythe (3), these voikers utilized 
the Inei of the guinea pig as the souicc of then enzyme and did not dis- 
tinguish the jiioduction of cysteine fiom that of cysteinylglycine 

EAcn though the lesults of Schioedei and Woodwaid ( 1 ) and of Wood- 
vaid and Reinhait (2) are not valid in so fai as the pioduction of cysteine 
is conceuied, then lesults fiom following the foimation of glutamic acid 
uid pyiiohdonecaiboxylic acid aie in geneial agieement vith oui conclu- 
sions that the fust step in the hydiolysis of glutathione by kidney tissue 

the clca\age at tiie 7-ghitamylcysteine linkage'* 

SUMlVUUT 

The Ii}diol}s]', ot glutathione by enzymes found m the kidney of the lat 
Ins been lolloved bv a combination of methods foi the deteimination of 
c\',teme and c}steinvlglycine The obseivations weie found to be com. 

“ It has sinct boon found that desiccated kidney tissue of the hog (VioBin Corpora- 
tion) does not eont iin the enzMne responsible for the release of cjsteine but docs 
eontain apprt ci ible imount^ of the enzj me responsible for the production of cystcin- 
\lghcine \ marked lelnation uith magnesium ions has been oliservcd uitli this 
prep nation 



F BIXKLE1 AND K ^AKAJrDT^A 


421 


patible ■with the concept that the h 3 ^drolysis to c\^steine is a two-step process 
•mth the mtermediarj formation of cj'steinjdglj cine The enzjme re- 
sponsible for the cleavage of glutathione to cjsteinjdglj^cme is, in the rat, 
hmited to the kidnej^ The en 2 yme responsible for the cleavage of cjs- 
teinjdgl3’'cme to C3'steine is of much wider drstnbution 
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LETTERS TO THE EDITORS 


a-AillNOADIPIC ACID A PRODUCT OF LYSINE METABOLISM*! 
Sirs 

As part of a study of protein and peptide metabobsm lysine was synthe- 
sized mth C'* in the e position and resolved into the n and n isomers 10 
mg of labeled tysme dihydrochloride (either L- or d-) and 0 66 gm (u et 
weight) of giunea pig Iner homogenate were added to a reaction mixture 
contammg 1 3 per cent of an ammo acid mixture corresponding to the com- 
position of casern except for lysme and 0 01 si a-ketoglutarate, all m a final 
volume of 4 ml of isotomc sahne solution * The reaction w'as carried out 
under oxygen for 6 hours at 38° 

After precipitation of the protems by boihng at pH 5 0, a fraction of the 
non-protem filtrate was chromatographed on filter paper® Ninhydrm 
gave a lysme spot W’hich w as radioactive and another radioactive spot m 
the glutamic acid region This mdicated the presence of a dicarboxyhc 
a-amino acid different from glutamic acid, smce to obtain glutamic acid 
from the labeled lysme would entail remonng the radioactive e-carbon 

The chromatographic behavior of this radioactive substance on filter 
paper and on Lloyd’s reagent suggested, m view of the source of the 
that the unknoivn substance might be a-ammoadipic acid Accordmgly 
the latter was synthesized, it gave the same filter paper chromatogram as 
the unknown 

Radioactive a-aminoadipic acid (probably mixed with glutamic acid) 
was isolated from the reaction mixture as a barium salt by the following 
procedure After hydrolysis of the non-protem filtrate with hydrochlonc 
acid and chromatography on Lloyd’s reagent,® whereby the hexone bases 
w’ere removed, the non-basic ammo acid fraction was precipitated with 
barium from 75 per cent ethanol The banum wns removed from the pre- 
cipitate, and the dicarboxyhc acids again precipitated with banum 99 
per cent of the radioactivity originally present m the fraction w as found m 

* This work is a part of that done under contract with the Office of Naval Research, 
United States Naiw Department 

t The C“ used in this investigation was supplied by the Monsanto Chemical Com- 
pany , Clmton Laboratories, and obtained on allocation from the United States Atomic 
Energj Commission 

> Borsook, H , and Dubnoff, J W ,J Btol Chem , 171, 363 (1947) 

’ Consden, R , Gordon, A H , and Martin, A J P , Btochem J , SB, 224 (1944) 
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this banum precipitate The baiium ^^as again removed, and a fraction 
obtained by crystallization from 20 pei cent hydiochloiic acid vas washed, 
dried, and then chromatogiaphed on filtei papei One stiong spot vas 
obtained vith nmhydiin in the same position as that of the oiigmal un- 
known, it contamed all the estimated amount of ladioactivity Two othei 
very faint spots weie obtained, one of which coiiesponded to aspartic acid, 
the othei to alamne oi threonme, neithei had ladioactivity There was no 
lysine spot, nor vas there any ladioactivity in the region of the lysine spot 
The abo^ e evidence is conclusive, shoit of isolation of the compound, that 
lysine is deaminated in the e position to a-ammoadipic acid 

The following evidence showed that the process is an enzymatic one and 
added to the proof that the ladioactivity did not come from contamination 
by the labeled tysine oiiginally added The dicaiboxyhc acid fraction 
contained no radioactivity when the homogenate was fiist boiled, much 
more radioactivity was found when the reaction was carried out at pH 7 5 
than at 8 2 and with the l than with the d form of lysine The activity 
found V itli the latter may be due entirely to the presence of a small amount 
(10 pel cent or less) of the l form remaining after resolution 
Under our best conditions so far 1 7 of lysine is conveited to a-ammo- 
adipic acid per 10 mg (dry v eight) of guinea pig liver homogenate per hour 
In an accompanying communication evidence is presented that lysine is 
conveited to a-aminoadipic acid m rat kidney slices Dr H K Mitchell 
kindly tested the ability of synthetic DL-ct-aminoadipic acid to replace 
lysine m a Nexn ospo> a hjsineless mutant It was able to do so 
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«-A]\IINOADIPIC ACID IN ASGININE FORAIATION* 


Sirs 

In a previous study ve had show-n that argmine may be sjmthesized by 
the transfer of the amino group of glutamic or aspartic acid to citrulhne ‘ 
Smce lysme vas also active, it ivas suggested at the time that it was first 
comerted to glutaimc acid which then aminated citrulhne However, 
experiments m In er homogenate with Ij sme labeled m the e position with C“ 
showed that a radioactive dicarboxj'hc acid was formed This excluded 
glutamic acid formation by oxidative removal of the radioactive carbon 
a-Ammoadipic acid has now been shown to be very probably the product of 
the reaction = a-Ammoadipic acid has been shown to be active m trans- 
ammation by Braunstem,^ who mterpreted our results with tysme as bemg 
due to its conversion to this dicarboxyhc acid 


Approximately 10 mg (fresh vreight) of rat ladnej slices in -1 ml of Krebs’ bi- 
carbonate Ringer’s solution, 22 mg per cent of citrulline in each vessel Tempera- 
ture, 38°, time, 1 hour 


MeUbobtt 


IncTcs-c ifl ai5imne,mg pcrgm 
fresh tissue per br 


nir-Glutarmc acid (18 5 mg %) 
DL-a-Aminoadipic acid (20 mg %) 
Dir-Lysine dihjdrochlonde (27 5 mg %) 


1 9 
0 9 
0 3 


The experiment presented m the table show s that a-ammoadipic acid can 
animate citrulhne, and that the relative reaction rates are compatible with 
the hypothesis that lysme is converted mto a-aminoadipic acid 

Wilham G Kercihoff Laboratories Jacob W Dcbxoff 

of the Biological Sciences HevetBoesook 

California Institute of Technology 
Pasadena 

Received for publication, Januarj 17, 1948 


* This work was part of that done under contract with the Office of Kaval 
Research, TJmted States Navy Department 
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THE SPONTANEOUS CONUTERSION OF CRYSTALLINE TETANAL 
TOXIN TO A FLOCCULATING ATOXIC DUMER* 


Sirs 

It has been noted in this laboratoiy that eiystaUine tetanal toxin^ upon 
standing at 0° in neutral isotonic salt solutions rapidly loses toxicity with 
no loss m its flocculating pon er with tetanal antitoxin Dipolar ions such 
as glycine greatly retard this spontaneous detoxification Tetanal toxin, 
recrj’^stallized four tunes, is electrophoretically homogeneous and acts as a 
smgle substance in the flocculation reaction In constant solubihty deter- 
minations, at least 95 per cent of the matenal behaves as a sohd phase con- 
sisting of one component After standing for 10 days at 0°, 75 per cent of 
the toxncity was lost and the homogeneity of the solution as determined 
by constant solubihty- w as markedly altered Fully 50 per cent of the 
matenal showed a decreased solubility in 1 4 M ammomum sulfate at pH 7 
and the solution appeared to contain two molecular species In the ultra- 
centnfuge from 55 to 60 per cent of the molecules had a sedimentation con- 
stant of 7, and the remainmg molecules sedimented at 4 5 S Small samples 
of equal volumes were recovered from the top and bottom of the anal 3 ’tical 
cell Immimological analysis of these samples revealed that the top frac- 
tion, contaming only molecules sedimentmg at 4 5 S, possessed 90 per cent 
of the total toxicity of the solution The bottom fraction, consisting of both 
molecular species, contamed less than 10 per cent toxm Toxicity of this 
low magmtude m the bottom fraction was imexpected and studies are bemg 
undertaken to determme the cause The bottom fraction contamed at 
least 60 per cent of the total flocculating umts of the solution, and floccu- 
lated readily with antitoxm at a Kf of 20 mmutes w'hen tested against 50 
umts of antitoxin The remaimng flocculating umts were present m the 
“hght” fraction and this material had a KI of 10 mmutes 

These results suggest that crystalhne tetanal toxm spontaneously con- 
verts to a flocculating atoxic dimer It is unknowm whether the above 
phenomenon enters mto the detoxification of tetanal toxm bj' formaldehyde 
It has been postulated^ that formaldehj’^de causes condensation of toxin 
molecules dunng detoxification How'ever, highly punfied diphthenal 
toxin^ (assuming that it had not converted to toxoid prior to analysis) and 

* Aided by a grant from Lederle Laboratories Division, American Cyanamid Com- 
pany 

* Pillemer, L , Wittier, R G , and Grossberg, D B , Science, 103, 615 (1946) 

’ Northrop, J H , J Gen Physiol ,25,467(1942) 

’ Eaton, M D , Bad Rev , 2, 3 (1938) 

* Pappenheimer, A M , Jr , J Biol Chem , 120, 543 (1937) 
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pure diphtherial toxoid® both have the same sedimentation constant of 
46S 

Work IS in piogiess to determine the mechanism of this reaction and its 
possible role in the foimation of toxoids, and to ascertain whether this 
phenomenon is characteiistic of tetanal toxin or whether it is common to all 
bacterial toxins 

Inshlute of Pathology 
Western Reserve University 
Cleveland 

Electrophoresis Laboratory 
College of Physicians and Suigeons 
Columbia University 
New York 
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GLYCINE AS A PRECURSOR OF PURINES IN YEAST 


Sirs 

It has been demonstrated by the work of Sonne, Buchanan, and Delluva’ 
and of Shemm and Rittenberg- that glj erne is utilized for unc acid synthesis 
in both pigeon and man, and occupies positions 4, 5, and 7 If all punne syn- 
thesis follows the same course, one would expect gljmine to appear in the 
nucleic acid purines The expenments reported here indicate that in yeast 
glycine is used foi the synthesis of nucleic acid punnes in the same manner 
as for uric acid synthesis m humans and pigeons 

Yeast Growth — ^To approxunately 80 gm wet weight of actively growing 
Torulopsis utths in 2 hters of modified WiUiams’ solution^ were added 374 
mg of glycme contaimng 32 atom per cent excess N’®, and growth w^as al- 
lowed to continue for 1 hour 


Glycine A tn Nucleic Acid Punnes 


Compound 

Atom per cent excess 

Ademne 

0 428 

Guanine 

0 490 

Glycine (from guanine) 

0 858 


Punne Extraction — ^The yeast w'as fragmented by mechamcal vibration 
with glass beads^ and extracted wuth boilmg alcohol-ether (3 1) After 
being dned in vacuo, 17 4 gm of dry yeast were obtained This yeast 
powder was washed with cold 0 05 M of HCl and then dissolved in 0 1 m of 
NaOH Tnchloroacetic acid w'as added to 5 per cent, and the polynucleo- 
tides of the yeast were extracted and hydrolyzed by heating the solution to 
90° as described by Schneider ® After bemg filtered, the solution was re- 
fluxed 1 hour wuth 1 HCl, and then made alkahne wuth ammonia The 
punnes were precipitated with ammomacal AgNOj Following decomposi- 
tion of the washed silver salts wnth hot dilute HCl, guanine was precipitated 
b}"^ adjusting the pH to 5 5 and punfied by several reprecipitations Ade- 
nine was precipitated from the mother liquor with /?-naphthalenesulfomc 
acid and recrystallized from an alcohol-ether nuxture 
Degradation — Glycine contaming the nitrogen atom m position 7 was 

* Sonne, J C , Buchanan, J M , and Delluva, A AI ,J Btol Chem ,166,395(1946) 

* Shemm, D , and Rittenberg, D , J Btol Chem , 167, 875 (1947) 

’ Sperber, E , Art. Kcmt, Mineral o Geo/, 21 A, No 3 (1945) 

* Haramarsten, E , Acta med Scand , Buppl 196, 634 (1947) 

‘ Schneider, Vf C,J Btol Chem , 161, 293 (1945) 
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isolated from the guanine by the method of Wulff ® 100 mg of guanine 
were heated in a sealed tube with 7 ml of concentrated HCl at 200° for 18 
hours Glycine was separated as the p-toluenesulfonyl derivative After 
two recrystalhzations from water, the melting point vas 147-148° 

The results of the mass spectrometer analyses are shmvn in the table If 
one assumes s 3 Tnmetrical distribution of m positions other than 7, the 
average atom pei cent excess for nitrogen atoms 1, 3, and 9 will be 0 398 
as compared with 0 858 foi position 7 Thug glycine plays the same role in 
the synthesis of nucleic acid puiines of yeast as it does in the formation of 
uric acid in the pigeon and in man 

Chemistry Deparlmeni Richard Abrams'^ 

ICarohnskalnslilutel Einar Hammarstbn 

Stockholm, Sweden David Shemin 
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COZYIMASE AS A PAET OF THE HEPATIC ESTROGEN- 
INACTWATING SYSTEM* 


Sirs 

Although hver shoes are able to inactn’-ate natural estrogens,* hver mince 
has been found to be inefficient and unpredictable * Similarly, almost all 
preparations of rat In er mince tested m this laboratory mactivated a-estra- 
diol only to a slight degree m companson nith shces prepared from the 
identical hvers The best of the active mmces only approached the activitj’’ 
of the least active preparation of shces 


of assa> 
rats 

a Estradiol 




Nicotm 

aJiude 

Cozjmase* 

Utcnnc weight, 
average 


y 

mg 

ffff 

U 

mg 

fftg 

mg 

25 

0 

0 

0 

0 

0 

0 

22 4 

8 

0 

50 

0 

0 

0 

0 

19 8 

38 

0 

0 

50 

0 

0 

0 

22 1 

14 

0 3 

0 

0 

0 

0 

0 

87 5 

27 

0 3 

SO 

0 

0 

0 

0 

35 4 

24 

03 

0 

50 

0 

0 

0 

74 8 

12 

0 3 

0 

50 

0 

1 5 

0 

31 7 

13 

0 3 

0 

50 

1 0 

0 

0 

39 4 

15 

0 3 

0 

SO 

0 

0 

0 15t 

29 8 

8 

0 3 

0 

50 

0 

0 

0 15t 

68 4 


* Containing 60 per cent diphosphopyndine nucleotide 
t Cozymase mixed with a-estradiol and then added to the mince 
J Coz 3 Tnase added 30 imnutes before the a-estradiol 


This suggested that one of the participatmg matenals is unstable m a 
broken cell preparation and might be enzjane-labile Accordingly, hvers 
were shced mto hot physiologic salme, then boiled for 10 minutes, and the 
supernatant added to a mmce preparation When enough of this super- 
natant was added to liver mmce, m each instance the mmce mactivated a- 
estradiol to the same extent as did the shces from the same hver It was 
suspected that cozymase (diphosphop 3 mdme nucleotide) was the heat- 
stable component m the supernatant, smce cozymase is rapidly mactivated 
m hver mmce ’ Recent evidence mdicates that cozymase is involved m the 

* This work was done under a grant from the American Cancer Societj on 
the recommendation of the Committee on Growth of the National Research Council 
'Heller, C G .Endocrinology, 2G, 619 (WiO) Twombly, G H , and Taylor, H C, 
Jr , Cancer Res , 2, 811 (1942) 

’ Zondek, B , Gemtal functions and their hormonal regulation, Baltimore (1941) 
*Mann, P J G , and Quastel, J H , Biochem J , 35, 502 (1941) Handler, P , 
and Klein, J R , J Biol Chem , 143, 49 (1942) 
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hepatic inactivation of testosterone^ A commeicial preparation of 
cozymase vhich was said to be free of coenzyme II and flavin-ademne- 
dmiicleotide (Schwarz Laboratories, Inc , lot CO-4704) and of 60 pei cent 
puiity was tested 'Wdien this cozymase was added to liver mince 30 min- 
utes befoie a-estradiol, the mivtuie failed to inactivate the estrogen Co- 
zj^mase added to this mince simultaneously with the estiogen enabled it to 
inactivate the a-estiadiol as well as the slices fiom the same liver Mince 
prepaied fiom fiesh hvei in a solution of 0 1 per cent nicotinamide (which 
piotects cozymase) was also as active as slices fiom the same liver 
The accompanying table gives average values from seveial expeiiments 
The mateiials were incubated by shaking in a water bath at 37 5° for 1 hour 
and tested for estrogenic activity according to the method of Lauson et al ' 
The results aie expressed as the average uterine weight of the lecipient rats 
It therefoie appeals that the heat-stable component of the hepatic 
enzyme system for estiogen inactivation is cozymase 
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DIPHOSPHOPYRIDINE NUCLEOTIDE AS AN ESSENTIAL 
FACTOR IN THE METABOLISM OF TESTOSTERONE 
BY THE LR^R* 


Sirs 

The enzjmjc destruction of testosterone by the h\er tissue of vanous 
species of animals has been prei lousl}’^ reported from this laboratoi^^ * It 
was shown that oxidation is directly or indirectly mvoh ed m this process 
Chicken Lv er converts testosterone largely to 17-ketosteroids These are 
not ordinarily found as products of testosterone metabohsm m rat hver * 
Since rat h\ er will destroy 17-ketosteroids formed by chicken hver, it has 
been postulated that the rat Iner contams both the enzyme systems 
found in chicken Iner and an additional system vhicb destroys the 17- 
ketosteroids 


Substrate 

G3DCCutration 

Rate 10 presence 
of substrate 

Rate witb buffer 
only 



rpergrr per hr 

7 per tn per hr 

Succinate 

0 03 

107 

105 

Pyruvate 

0 05 

119 

126 

Adenosine-5-phosphate 

0 001 

126 

125 

Citrate 

0 001 

269 

111 

DPN 

0 001 

209 

111 

Nicotinamide 

0 04 

228 

125 


Using the methods prev lously descnbed,- ^ we ha% e studied the effect of 
vanous hydrogen earners and substrates on the rate of destruction of testos- 
terone by”^ minced hver tissue Thus far the only actn e compounds have 
been diphosphopyaidme nucleotide and citrate The effect of these com- 
pounds on the destruction of testosterone is shown in the table 

The importance of the role of DPN m the destruction of testosterone is 
also shown by the fact that the addition of mcotinamide to the mcubation 
medium as an inhibitor of diphosphopyndme nucleotidease also consider- 
ably mcreases the destruction of testosterone by normal rat hver tissue 
The effects are not due to the general acceleration m tissue metabohsm, 

* This investigation was aided bj grants from Ciba Pharmaceutical Products, Inc , 
Summit, New Jersey, The International Research Division of the Donner Founda- 
tion, Philadelphia, Pcnnsyhania, and the Medical Research Fund of the Umversity 
of Utah 

^ Samuels, L T , and Pottner, M , Federaiton Proc , 6, 2S7 (1947) 

* Samuels, L T , McCaulay, C , and Sellers, DM,/ Btol Chem , 168, 477 (1947) 

' Samuels. L T , / Biol Chem , 168, 471 (1947) 
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^mce a numbei of the othei substances added increase the oxidative lespiua 
tion of the tissue as much oi moie than DPN 
Since a laige portion of the additional testosteione destioyed when DPN 
IS added appears as 17-ketosteroids, it would seem that DPN acts differen- 
tially on the fiist poition of the postulated two-step system The intei- 
mediate 17-ketosteroids aie pioduced so lapidly that a significant concen- 
tration accumulates The inci eased concentiation of the intermediate 
then inci eases the late of its destiuction m the second phase of the reaction 
The discoveiy of diphosphopyridme nucleotide as an impoitant factoi m 
the destruction of testosteione by lat livei tissue not only indicates the 
specific enzymic natuie of the leaction, but gives additional suppoit to the 
hypothesis of the stepwise bieakdovn involving the intermediate formation 
of 17-ketosteioids 

Citiate speeds up the destiuction of testosterone without production of 
17-ketosteioids It, theiefore, appeals to act thiough a different enzyme 
system Here again the effect appears specific, and it is not due to depies- 
sion of calcium ion since addition of the lattei does not affect the rate of 
reaction 

Deparltneni of Biochemistry Max L Sweat 

University of Utah School of Medicine Leo T Samuels 

Salt Laic City 
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ON THE INTERACTION OF AVIDIN AND OLEIC ACID 


Sirs 

Under appropnate conditions, oleic acid replaces biotin for several lactic 
acid bactena ' ® This grovUi-promoting action of oleic acid is not nullified 
by excess avidin for Slrepiococcus faecahs W or for several other organisms 
(Table I) Egg v hite did, however, block utihzation of oleic acid by Laclo- 
hacillus ardbinosus (Table I) This result is obtained whether oleic acid is 
added alone, as Tveen 80, or as the free acid with Tween 40 Purified 
samples of ovalbumin, conalbumm, and lysozyme were ineffective m pre- 
venting utihzation of oleic acid Purified avidm (3500 umts per gm ) was 


Table I 


Addition to 10 cc. of 
biotm defiaent medium 

L arabtnosus 


caset 

L dtlhruukw 

L mesenteroides 

Galvanometer readings* 

■ 

0 J CC. di 
luted egg 
Tfbitc per 10' 

cc-t 1 


0.5 cc. di 
luted egg 
white per 10 

CC. 


0 5 CC. di 
luted egg 1 
white per 10 
CC 


0.5 CC. di 
luted egg 
rhite per 10 
CC. 

None 

1 

90 

100 

80 

98 

95 

98 

75 

97 

Biotin, 10 my 

28 

100 

35 

99 

46 

95 

53 

97 

Tween 80, 10 mg 

37 

100 

21 

22 

52 

45 

55 

1 

48 


The basal medium and culture teohmque were those described previously ’ 

* Per cent of incident light transmitted The unmoculated medium was set at 
100 per cent bght transmission 20 hour readings for L arabinosus and L delbrueckti, 
other readings at 48 hours 

t Prepared by adding 10 cc of fresh egg white to 90 cc of sterile, 0 9 per cent 
sodium chloride solution 

effective Furthermore, the oleic acid “inactivatmg” potencies of raw egg 
white and of avidin were directly proportional to the biotin-bmding activi- 
ties of the two preparations 0 1 7 of the purified avidin, sufficient to com- 
bme vath only 0 2 my of biotm, nulhfied the growth-promoting action of 50 
7 of oleic acid Thus mteraction of avidin with oleic acid cannot be 
stoichiometric, as is that with biotm ’ The possibihty that growth-promot- 
ing effects of oleic acid for this orgamsm may depend upon traces of biotm 
present as an impunty appears ruled out by several mdependent hnes of 
evidence For example, groi\i,h promotion by oleic acid is not prevented 

' 'Williams, V R , and Fieger, E A , Biol Chem , 166, 335 (1946) 

’ Williams, W L ,BroquiBt,H P , and Snell, E E ,J Biol Chem ,170,619 (1947) 

’ Eaktn, R E , Snell, E E , and Williams, R J , / Biol Chem , 140, 535 (1941) 
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by concentrations of the biotin analogue, 7-(3,4-ureylenecyclohexyl)-buty 
nc acid, sufficient to prevent the action of biotin (Table II). 


Table II 


7 (3 4 Ureylenecyclo 
he^yl) butyric acid, 7 per 
10 cc 

Oleic acid i 

; 1 

Hiotm 

7 per 10 cc 

Galvanometer 

readings* 

my per 10 cc 

Galvanometer 

readings* 

0 

0 

90 

0 

90 

0 


66 

1 

58 


50 

70 

1 

70 


50 

67 

1 1 

94 


•" 24 hour readings, test organism, L arabinosus 

The close physiological lelationship between oleic acid and biotin indi- 
cated by then common effect upon giowth is further emphasized by the 
ability of avidin to nullify the effect of each compound The mechanism 
of its action, in this instance, is unknown 

Dcparlment of Biochemistry Haert P Broqbist 

College of Agriculture Esmond E Snell 

University of Wisconsin 
Madison 


Received for publication, Januaiy 12, 1948 











THE EFFECT OF GROWTH ON TIRE INCORPORATION OF 
GLYCINTE LABELED WITH RADIOACTI^rE CARBON 
' INTO THE PROTEIN OF LI^^ER HOMOGENATES* 

Sirs 

It has been established m recent years that the proteins of the body are 
in a continuous state of flux, constantlj'^ undergoing both s3Tithesis and 
breakdo^ra ' It folloA\s fiom this concept that growth can result either 



Fig 1 Uptake of C“-meth 3 lene-Iabeled gljcine bj proteins of homogenates of 
rat liver as a function of body weight The highest point on the left side of the graph 
represents whole embr 30 homogenate 

from an acceleration of protein sj'nthesis or an inhibition of piotem decom- 
position Rittcnberg and Shemin, from unpublished experiments on the 
rate of protein formation in regenerating hver, concluded that, “Growth is 
the result of an inhibition rather than the initiation or acceleration of reac- 

* Aided b 3 grants from the American Cancer Societ 3 (recommended b 3 the Com 
mittcc on Growth of the National Research Council) and the National Cancer Insti- 
tute, United States Public Health Service 

* Schoenheimer, R , The d 3 Tianuc state of body constituents, Cambridge (1912) 
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tions Our interpretation of experimental data to be reported beloi\ is 
entirely to the contrary, namely, giowth of tissues is the result of increased 
acimiy of protein synthesis 

The effect of growth was studied by detei mining the uptake of from 
methylene-labeled glycine by the proteins of liver homogenates Animals 
at various stages of development weie used, 250 mg of hver weie removed 
and homogenized in a synthetic medium ® Details of the expeiimental pi o 
cedures will be published later The pi otein was collected on filter paper, 
dried at 100°, weighed, and its ladioactivity determined The lesults are 
expressed in Fig 1, fiom w^hich it can be seen that the rate of incoiporation 
of the label into the pi otein is strikingly high in the fetus, as contiasted vith 
the adult animal The rate of synthetic activity deci eases lapidly in early 
life and more slowly as maturity is appioached 

Division of Biochemistry Feux Fhiedbebg^ 

University of California Medical School Martin P Schulman 

Berkeley David M Greenberg 

Received for publication January 29, 1948 


* Rittenberg, D , and Shemin, D , in Green, D E , Currents in biochemical re 
search. New York, 272 (1946) 

5 Friedberg, F , Winnick, T , and Greenberg, DM,/ Biol Ckem , 171, 441 (1947) 
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INFRA-RED ABSORPTION SPECTRA OF TOCOPHEROLS 
AND RELATED STRUCTURES* 

Bt HARRIS ROSENKRANTZ 

{From the Rttssell Sage Inslilute of Pathology, The New Yorl Hospital, and the De- 
partment of Physiology, Cornell Umierstly Medical College, New YorL City) 

(Received for publication, October 31, 1947) 

The present report is based on an investigation of the infra-red absorption 
spectra of natural and synthetic vitamin E substances and structurally 
related compounds Such spectra can be helpful through rapid identifica- 
tion of chemical products in the isolation and synthesis of tocopherols 
It IS also hoped that they may aid m the identification of the vanous 
tocopherols and oxidative products which might be isolated from the blood 
and urine of patients fed vitamin E extracts This can be important, as 
it has recently been demonstrated that a-, 7-, and 5-tocopherols show 
quantitative differences m physiological actmty in patients suffenng from 
progressive muscular dystrophy ^ 

Methods 

The infra-red spectra were obtained on the Hardy two beam spectro- 
photometer (1) and were recorded m the range from 2 to 12 /i The 
instrument has been reported in detail by Furchgott ei al (2), but since 
then it has been designed to record automatically with a General Motors 
breaker tjTie amplifier and a Brown potentiometer recorder A cam con- 
trol for the shts was also mtroduced in order to obtain a uniform intensity 
level over the region observed 

The samples were investigated as sohd films on rock salt plates Most 
of them were oils, smears bemg made between two NaCl plates, others 
were prepared from pjmdine and carbon tetrachloride solution, the solvent 
being evaporated on a hot-plate The oil smears gave better resolution 
and defimtion, however, there was a small shift in some bands when a 
crystalline film was used 


EXPERIMENT 

The absorption spectra shown here are copies of ongmal tiacmgs from 
the automatic recorder, preservmg band position and intensity but ad- 
justing the base lines The adjustment of base Imes was necessitated 

* Aided bj a grant from the Office of Naval Research under Contract N 6 ORI-91 
Task Order 10 

* Milhorat, A T , personal communication 
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ABSORPTION SPECTRA OF TOCOPHEROLS 


because the cam control of the slit widths was not theoretically correct 
m giving a unifoim mtensitj'^ distiibution Howei-ei, this did not affect 
the position of the absoiption bands The absoiption curves of the follow- 
ing substances were obtained natuial a-, y-, and 5-tocopheiol, natural 
a-tocopherol acetate, succmate, and palmitate, natuial 7-tocopheiol 
palmitate, synthetic a-tocopheiol and its acetate, a-tocopheiylqumone, 
a-tocopherylhj’-dioquinone tiiacetate, 2,5,6-tiimeth5dhydioquinone, 1,4- 
naphthoquinone, 2-meth3d-l ,4-naphthoquinone, and 1,4-benzoquinoiie'’ 
The mfra-ied absoiption spectia of synthetic dZ-a-tocopherol and its 
acetate, although not shovTi in this paper, weie found to be neaily identical 
with the spectra of natural d-a-tocopheiol and its acetate respectively 
The isolation of 5-tocopheiol was reported by Weislei, Robeson, and 


Table I 

Absorphon Maxima in Hydroxyl Region 


Compound 

Type 0— H 

Wave-length 

Q-Tocopherol 

Phenolic 

3 02 

7 -Tocopherol 

(( 

3 02 

J-Tocopherol 

tl 

3 01 

2,6,C-Trimethylhydroquinone 

II 

3 03 

a-Tocopherylqumone 

Alcoholic 

2 93 

Of-Tocopherol succinate 

Acid hydroxyl 

3 ? 

1 


Baxter^ and we weie fortunate in obtaming a small sample fiom them (3) 
There is a fouith vitamin E substance known as /8-tocophei ol which we 
have not studied at the present 

Analysis of Spectra 

The infia-ied absoiption bands which can be assigned to specific atomic 
linkages will be discussed first 

0 — If Absoiption — Man}'- ol the compounds studied have one 01 moic 
hydiov\d groups, ivhose linear vibiations appear m the 3 p. legion of their 
spectra Table I lists the wave-lengths of the absorption maxima obseived 
m this legion It tan be seen that the phenolic hydioxyl gioups absorbed 
between 3 01 .ind 3 03 p, wdiile the alcoholic hydioxyl gioup absoibed 
about 2 03 p These values appear to be highei than the 2 75 to 2 80 it 
absoiption r.inge for unbonded 0— H gioups Fuichgott ct al (4) have 

’ Wc wisli lo express our gratitude to Dr Ade T Milhorat of The New York Hos- 
pital, for obtaming nmnj of these compounds from Distillation Products, Inc 
for us 

• Meeting of the American Chemical Society, Chicago, September, 1946 
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postulated mtermolecular bonding for this shift to longer wave-lengths in 
estrogens, which also have a phenolic structure The acid hydroxyl of 
a-tocopherol succinate gave a side bump m the alcohohc hydroxyl region 
However, the major absorption from this acid hydroxyl was probably 
shifted mto the C — H region because of the strong hydrogen bonding 
associated wnth acid groups (5) 

C — H Absorphon — Other workers (6) have demonstrated that C — H 
groups of benzene nngs absorb near 3 25 p, while bands due to aliphatic 
type C — H hnkages occur near 3 41 In all these compounds studied 
here which have the long phytjd chain, the absorption maxima for the 



Wavelength jn ^ 

Fig 1 

linear C — linkage occurred at about 3 41 /z In the case of the qumones 
w'hich contain all or mamly aromatic C — H linkages, the absorption band 
occurred nearer 3 23 

Absorption bands also arise in the region near 7 p from the angular 
vibiation of C — H hnkages (6) A senes of bands is resoUed between 
6 7 and 7 15 a which can be attnbuted to the aliphatic tjpe C — H hnkages 
(6) A clear cut example of this is shown through companson of naphtho- 
quinone and 2-methyhiaphthoqumone (Fig 1) In the latter compound, a 
band appeared at 7 02 n v hich did not occur in the former This is prob- 
ably due to angular nbiations of hydrogen atoms of the methyl group 
attached to the aromatic nucleus Such i ibrations, in the case of meth 3 1 
groups in saturated ahphatic molecules, appear to absorb at a somewhat 
lower wave-length (see the spectra presented bj Bames ci al (6)) 
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ABSORPTION SPECTBA OF TOCOPHEROLB 


CHz Ahsoiphm — ^In the spectia of tocopherols, a band consistently 
occiined neai 7 27 m On the basis of othei studies (6) on the ahsoiption 
of the CHs gioups and oui compaiison between methylnaphthoquinonc 
and non-methylated quinones, this band was attiibuted to tlie methyl 
gioups piesent in these vitamin E compounds 
Naphthoquinone showed a band at 7 28 but this is veiy weak com- 
paied mth the bands near this wave-length found in the spectia of the 
tocopheiols and of methjdnaphthoquinone (Fig 1) 

C=0 Ahsorphon — The thiee types of caibonyl groups encounteied in 
this study weie estei, acid, and qumone The estei type, as found in 



Wavelength in ^ 

Fig 2 

a-tocopheiol acetate, succinate, palmitate, and 7-tocopheiol palniitatc 
absoibed at about 5 70 ju (Fig 2) In the a-tocopheiol succinate we also 
find an acid type caibonyl which absoibed at 5 87 m 

ihe naphthoquinones and 1 ,4-benzoquinone weie exammed to help 
locate the absorption band aiismg from the qumone type caibonyl m 
a-tocopheiylquinone It can be seen fiom Fig 3 that all the qumones 
gave a stioiig band at 6 03 ^ Tins band has been assigned to the qumone 
tjqic C=0 Mbiation 

Absoipbon The conjugated C==C s^'^stem of the benzene and 
substituted benzene molecules has been pieviously shown (6) to give use 
to a stiong band in the G 15 to 6 35 jn region In the spectia of phenol (G) 
a stiong band appeals at about 6 27 fx Astiong band occuiied consistenth 
neai 6 3 m m these tocophei ols and has been assigned to the phenolic t} pe 
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structure Such a band also appeared m the qumones, but A\as more 
intense This maj" be due to the more highly conjugated systems of the 
qumones 



Wavelength in /j. 
Fig 3 

TabI/E II 


Probable Ahsorplton Maxima oj Phenolic C — 0 Linl age 


CompouDd 

Wave length 

a-Tocopherol 

t* 

7 85 

7 -Tocopherol 

8 17 

0 Tocopherol 

8 28 

a-Tocopherol acetate 

8 18 

tr-Toeophcrol palmitate 

8 06 

a Tocopherol succinate 

1 8 16 

7 -TocopheroI palmitate 

8 14 

ot-Tocopherjlhj droqumone triacetate 

8 OS 

2,5,6-TrimcthyIh3 droqumone 



* See the text 


Phenolic C — 0 Absorption — It appears piobable that the intense absorp- 
tion band near 8 m the tocopherols results from the C — 0 t ibiation of 
the phenolic hydroxyl Previous work (4, 6) has mdicated that C — 0 
linkages, vhere the C has one double bond, gne rise to bands m this 
region The influence of methjlation and esterification was obserxed on 
the 8 fi band 
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Substitution of methyl groups on the tocopherol molecule lesulted m a 
shift of the 8 ji band to a shorter wave-length Table II shows this shift 
as one goes fiom the monomethyl-5-tocopherol to the tiimeth3d-Q;-toc- 
opherol This band occuiied at 8 28 p m 5-tocopheiol, 8 17 fi m. 
7-tocopheiol, and at 7 85 /i m a-tocopherol Esteiification of a-tocopheiol 
appeared to shift the 8 /i band to a longer wave-length (Table II) The 
7 85 band of a-tocopheiol was shifted to 8 18 in the acetate, 8 06 in 
palmitate, and 8 16 ju ni the sucemate 
The trimethylhydroquinone which also has the phenolic type C — 0 
linkage gave a spht band near 7 6 m and another band at 8 23 m It is 



Wavelength m /x 
Fig 4 


nol known at this time which of these bands resulted from the phenolic 
hydiowl C — 0 Mbiation (Fig 4) 

Otiui Ah'^oi'phon Bands In the spectia of this gioup of tocopherols, 
tlicrc aio othci absoiption bands which cannot as yet be assigned to specific 
iiifeialoniit iibiations Manj’’ of these “unassigned” bands occuiied 
between 10 and 12 n Absoi-ption bands occurung neai 10 m piobably 
luibc fiom C— C' vibiations (6) Many of the others undoubtedly lesult 
fioin complc\ iibiations involving the chioman nucleus itself as well as 
tlic long pin tvl chain With this possibility in vieiv, cioss-compansons 
wcio made of all the absoiption spectia obtained in this study to see 
w bethel an-v i elationship existed 

The spectia of the tocopherols studied heie showed a band neai 8 6 /i 


H HOSEJfKRANTZ 


446 


This band was probably masked m or-tocopherol acetate by the broad, 
mtense bands near this region However, its medium intensity and its 
consistency mdicated that it might be a characteristic band of the toc- 
opherol molecule In this respect, it is mterestmg to observe the marked 
increase in mtensity of this 8 6 n band m the a- and 7 -tocopheroI palmitates 
(Fig 5) This increase in mtensity is probably due to an effect by the 
long fatty acid side cham Evammation of spectra published by Bames 
ei al (6) of esters of long chain fatty acids demonstrated the presence of a 
strong band near this wave-length 



Wavelength in fj. 

Fia 5 

The region between 10 6 and 11 0 /i m the spectra of the tocopherols 
and their denvatives contamed one or two strong bands The vanations of 
wave-lengths of these bands m the free tocopherols make them useful for 
differentiation They are probably characteristic bands of the tocopherol 
structure 

There seemed to be some consistency among the compounds as to absorp- 
tion bands which occurred near 114 and 11 8 However, the laige 
variation m intensity of these bands offered too much difficulty m interpre- 
tation 

An absorption band occurred m the tocopherols and the two ovidatue 
products of a-tocopherol near 2 4 This wave-length did not correspond 
to the atmospheric water vapor bands in this region Several estrogens 
which contam a phenohc configuration in Rmg A were studied, and no 
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bands near 2 4 ju were found We are not certain whether this band is an 
artifact or an overtone 

In conclusion, it may be pointed out that the various tocopherols, as 
well as their derivatives, may be easily distinguished by their infra-ied 
absorption spectia (Fig 6) The tocopherol structuie itself appears to 
be characterized by ceitain absorption bands These bands include 
several assigned absorption bands resulting fiom vibrations of the phenolic 



Wavelength in ju. 
Fig 6 


hydroxyl, the benzene ring, and the phenolic C— 0 linkage, as well as 
certain “unassigncd” absorption bands occuiimg neai 8 6 and 10 9 /i 
* 

SUMMARX 

1 Tlio infia-ied absoiption spectra, from 2 to 12 m, of nine free and 
substituted tocophoiols and si\ related stiuctuies have been presented 

2 Certain absorption bands in the spectia have been discussed in rela- 
tion to the tliemical stiuctuie of tocopherols 

3 4‘;signod absorption bands near 3 0, 6 3, and 8 0 m in addition to 
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xmassigned bands near 8 6 and 10 9 u are charactenstic of the tocopherol 
structure 
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APPLICATION OF AN IMPROVED GLUCURONIDASE ASSAY 
METHOD TO THE STUDY OF HUMAN BLOOD 
/3-GLUCURONIDASE* 

By william H FISHMAN, B SPRINGER, and R BRUNETTI 

(From the Deparlments of Surgery and Biochemistry, 

University of Chicago, Chicago) 

{Received for publication, November 15, 1947) 

Previous conditions in which phenolphthalein glucuronide v as employed 
as substrate (1) have proved unsatisfactory for the deterrmnation of glu- 
curonidase in plasma, serum, and laked blood cells Thus, low glucurom- 
dase activities such as frequently occur m plasma could not be accurately 
measured or even approximated, ownng to a combmation of circumstances, 
1 e , too short an mcubation penod often coupled with mterference by a 
turbid state of the plasma and the presence m it of biliaiy and carotenoid 
pigments Moreover, solutions of laked erythroc 3 rtes could not be assayed 
because of the red color of the hemoglobm These difficulties ha\ e now' 
been largely overcome bj' the mtroduction of a deprotemizing procedure 
and by otherwise modifying the conditions ofiissay It has been possible 
also to simplify greatly the biosynthetic process of manufactunng the 
substrate, phenolphthalem glucuromde, which is now m demand ^ 

The mterpretation of blood glucuromdase values is handicapped by our 
lack of knowledge concermng the factors which control the level of this 
enzyme m the blood, e p , w'e do not know to w'hat extent the plasma glu- 
curonidase IS influenced by hormonal factors The nature and significance 
of the distnbution of /5-glucuromdase between the plasma and the formed 
elements of the blood is likewise not understood As a result of obsen'a- 
tions made on blood glucuromdase w'lth the improved assay technique, 
some of the desired information has been obtained An account of the 
method and its use m these expenments is given in the present paper 

Method 

Simplified Preparation of Substrate, Phenolphthalein Glucuronide — The 
filtered, toluene-free urme obtamed from rabbits receivmg injections of 
sodium phenolphthalein phosphate* w'as acidified to Congo red paper with 

* Aided by a grant from the Otho S A Sprague Memorial Institute 

' Private communications 

- This product is now made more conveniently than before (2) First, dry chloro- 
form (40 cc ) and then a mixture of (redistilled) phosphorus ox> chloride (50 cc ) and 
chloroform (SO cc ) was added with mechanical stirnng to 50 gm of phenolphthalein in 
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6 N hydiochlonc acid with vigorous shaking, and 800 cc portions of mine 
weie extracted with foui successive 125 cc poitions of ethyl acetate The 
ethyl acetate phase was centnfuged, dried by decantation through cotton, 
and leduced to small volume in vacuo at 50° This u as added to an excess 
of satuiated cinchonidine in ethyl acetate The cinchomdme deiivative 
of phenolphthalein glucuionide so obtained uas ciystalhzed by dissolving 
it in the minimum quantity of hot methyl alcohol and adding 4 volumes 
of hot ethyl acetate One moie such crystallization was lequiied m oidei 
to obtain a pioduct which, according to analyses foi hydrolyzable pheno- 
phthalein, is pure phenolphthalein mono-/3-glucuionide with 1 molecule of 
methyl alcohol of ciystaUization The yield of pioduct has been gieatly 
improved by this piocess 

Method for Blood Glucwomdase — Plasma and foimed elements of the 
oxalated or heparinized blood (14 cc divided between two Wasseimaim 
tubes) weie separated by centrifugation The buffy coat ivas aspirated 
with a capillaiy pipette, after removal of the plasma, and w^as laked woth 
10 cc of distilled w^ater aftei alternate freezing (m a caibon dioxide snow- 
acetone mixture) and thawung at room tempeiatue, to facilitate lysis The 
led cells were laked wuth three volumes of distilled water and the total 
volume was recorded The plasma was usually filtered through a Seitz 
filter before samphng it for assay Blood serum w as sampled without any 
preliminary treatment 

Into tw'o Wassennann tubes weie pipetted 0 1 cc of glucuionidase- 
contaimng solution, 0 8 cc of 0 1 M acetate buffer (1), pH 4 5, and 0 1 cc 
of 0 01 ]M phenolphthalem glucuionide (1) A third Wasseimann tube 
containing the enz^^e and buffer but not the substrate seived as the con- 
trol The digests wnie then meubated at 38° and the time recorded For 
blood plasma, serum, and cells, an incubation peiiod of betw^een 15 and 
24 hours wns lequiied m contrast to a 1 to 5 hour period for most tissues 

a 1 liter round bottom flask cooled in an ice bath To this was added dropwise dry 
p\ridinc (10 cc ), with stirring continued for a total of 3 to 5 hours The next day, 
150 cc of distilled w atcr were added m small quantities to the ice-cooled reaction 
flask, followed b> an excess of 40 per cent sodium hydroxide (approximately 300 cc ) 
Upon cooling, ncodlc-likc cr 3 Stal 8 (sodium phosphate) appeared and were lemoved 
bj hltrition ^Yhcn an excess of concentrated hydrochloric acid (Congo red paper) 
was added to the iqucoiis phase, phenolphthalein dipliosphoric acid precipitated as 
a gum which could be conveniently separated from the mixture with a glass stirring 
rod This gum w as w armed in a porcelain dish on a boiling water bath and 20 cc of 
concentrated sodium hjdroxide (100 gm plus 100 cc of distilled water) were added 
gradualb with stirring Solution of the gum was comiileted with distilled water 
(final volume 200 cc ) 3 cc of this phenolphthalein phosphate were brought to 

neutrality w ith weak alkali and diluted to 10 cc with distilled water This amount 
vv as injected subcutaneously daily at two widely separated sites on the skin of each 
rabbit for G dav s The animals received carrots and cabbage, water being withheld 
The urine collections under toluene were completed on the morning of the 8th day 
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At the end of the mcubation penod, 1 0 cc of 5 per cent tnchloroacetic acid 
was added to each tube ith thorough mixing To digests prepared from 
laked cells n as added 1 0 cc of 10 per cent tnchloroacetic acid This step 
serred to stop the reaction and to deprotemize the digest The time was 
recorded The tubes n ere centrifuged at high speed for 10 mmutes The 
contents were decanted through cotton plugs held m the stem of small glass 
funnels into colonmeter tubes marked at 6 cc The colonmeter tubes 
eontamed 2 5 cc of an alkaline reagent mixtui? (200 cc of glycme buffer of 
pH 10 45 (1) plus (a) 50 cc of 0 5 n sodium hydroxide m the case of digests 
deprotemized mth 5 per cent tnchloroacetic acid or (6) 50 cc of 1 0 n 
fllkah when 10 per cent tnchloroacetic acid nas used) The precipitate 
remaining after decantmg was suspended in 1 0 cc of distilled wafer, centn- 
fuged, and the supernatant decanted through the same filter Washing 
of the tube and funnel ivas continued until the filtrate amounted to 6 cc 
0 1 cc of 0 01 M phenolphthalein glucuronide was added to the control 
tube, iihich was used m the colonmeter to obtam the settmg at 100 After 
thorough mixmg, readings were made ivith the 6 0 cc well and the 540 m^i 
filter The L (optical densitjO values were substituted in a phenolphthalein 
cahbration cun^e (1) previously prepared with the present volumes of the 
vanous constituents of the enzyme digest 

When fresh reagents are employed, it is important to check the pH of 
the final alkahnized mixture (pH 10 2 to 10 4) or the color development 
of a known amount of phenolphthalem 

Calculaltons 

Serum, Plasma, or Body Fluids 

Micrograms phenolphthalein liberated in digest X — ; 

hrs of incubation 

100 

X ^ = units glucuronidase per 100 cc fluid 

CO fluid anal j zed 

Lai ed Blood Cells'^ 

Micrograms phenolphthalein liberated in digest X , — 

hrs of incubation 

volume laked cells 100 

X 

0 1 eolurac onginal blood specimen 

= units glucuronidase per 100 cc whole blood 

“ It has been considered best for the present to relate the activit 3 of laked blood 
cells to a 100 cc volume of whole blood The buffj coat, especialli , consists of s 
heterogeneous mixture of cell tj^ies and so the use of units based on the number of 
cells only would be meaningless in the opinion of a histologist However, it should 
be pointed out that the lalues for buffx coat glucuronidase do not properlj indicate 
the great magnitude of the glucuronidase actnitv which must exist in the white cells 
as compared to an equivalent number of tissue cells 
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determination of blood glucuronidase 


Ttasues 


1 

Micrograms phenolplitlialein liberated m digest X incubation 


volume extract 

^ 51 


gm tissue 


= Units glucuronidase per gm tissue 


The changes which have been introduced in the method have in no way 
altered the principle upon which the test was based origmally , z e , the 


Table I 


Distribution of P-Glucw onidase in Blood 


Healthy adults 

Glucuronidase activity 

Morphology of white blood cells 

Plasma, 
units per 100 
cc 

Red cells, 
units per 100 
cc whole 
blood 

Buffy coat, 
units per 100 
cc whole 
blood 

No percjTun 

Polymor 

phonuclear 

leucocytes 

Lym- 

phocytes 

Other celk 







per cent 

per cent 

per cent 

c 


37 

0 

818 

7,800 

27 

73 

0 

s 

tf 

84 

5 

378 

5,500 

61 

37 

2 

G 

cf 

140 

0 

307 

5,400 

33 

60 

7 

P 

cf 

121 

0 

614 

9,500 

37 

62 

1 

M 

d' 

0 

10 

780 

21,400 

68 

30 

2 

L 

d 

37 1 

0 

384 

8,500 

73 

’ll 

0 

H 

d 

0 ' 

0 

353 

12,700 

58 

42 

0 

J 

d 

150 

0 

261 

8,200 

66 

30 

4 

L 

d 

181 

IS 

425 

9,500 : 

60 

40 

0 

II 

d 

79 

7 

655 

10,200 

67 

33 

0 

S 

d 

US 

3 

647 

7,400 

86 

14 

0 

G 

9 

96 

0 

318 

4,800 




B 

9 

S4 

0 

426 ] 

7,900 

47 

47 

6 

S 

9 

179 

0 

528 

7,000 

57 

40 j 

3 

w 

9 

230 

0 

423 

13,500 

90 

10 1 

0 

G 

9 

86 

8 

342 

8,200 

45 

50 

5 


colorimetric determination of phenolphthalem liberated by enzymatic 
hj drolysis of phenolphthalem glucuronide Optimal conditions of hydrol- 
j bib ha^ e been mamtamed and verj' good agreement m duplicate analyses 
vas obtained as befoie (1) The piesent proceduie has greater flexibility 
in its application and is not affected by the physical state or the pigment 
content of the specimen Great economy of substrate is achieved without 
b icrificmg any of the desirable featuies of the original method A few data 
on the blood and tissues of cancer patients have already appeared (3) 

experimental 

The distribution of glucuronidase activity between plasma, eiythrocytes, 
and the buffy coat was determmed m sixteen subjects wnth the method 
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descnbed These values are compared with white cell morphology m 
Table I 

Platelet-nch plasma was prepared by slow centrifugation of 14 cc of 
hepannized blood After removal of this platelet-nch plasma, the blood 

Table II 


Study of Platelet Glucuronidase Actimly 


Subject 

No of platelets in 
plasma per cjnm 

Platelet rich plasma, 
units per 100 cc 

Platelet free plasma 
units per 100 cc 

Platelet poorbufiy 
coat, units per 100 cc 
whole blood 

s 

140,000 

166 

Mmm 

759 

Y 

170,000 

146 


854 

B 


76 


580 

L 

440,000 

68 


874 

S 

400,000 

164 


200 

W 

500,000 

69 

72 

333 


Table III 

Effect of Repeated Washing with Tyrode's Solution on Buffy Coat Glucuronidase 



Subject 1* 

Subjects* 


Activity, 
units per 
100 cc. 
blood 

Per cent 
total budy 
coat glu- 
curonidase 

Activit>, 
units per 
100 cc. 
blood 

Per cent 
total buffy 
coat glu- 
cuiuntdase 

1st washing 

125 

7 3 

111 

8 9 

2nd “ 

51 

3 0 

104 

8 3 

3rd » 

28 

1 6 

60 

4 8 

4th “ 

68 

4 0 

98 

7 8 

6th “ 

14 

0 8 

21 

1 7 

6th » 

44 

2 6 

71 

6 6 

7th “ 

64 

3 8 

29 

2 3 

Water-laked washed buffy coat 

200 

11 8 

292 

23 2 

Freezing-laked residue after water-Iaking 

1110 

65 1 

472 

37 4 

Total buffy coat glucuronidase 

1704 


1258 



* White cell count of Subject 1, 8400 per c nun , of Subject 2, 10,800 


cells were centrifuged at high speed and the platelet-poor buffy coat aspi- 
rated and laked with 10 cc of water after an intemnttent freezmg-thavang 
procedure Glucuromdase determmations w^ere done on the plasma before 
and after Seitz filtration and on the laked buffy coat These values hat e 
been correlated with plasma platelet counts in Table II 

In Table III, two cases are illustrated of the effect of repeated washmg 
with Tyrode’s solution on buffy coat glucuromdase The buffy coat of 
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14 cc of blood was separated and evenly suspended with gentle stirnng in 
10 cc of Tyrode’s solution The mixture was centrifuged and the super- 
natant lemoved for glucuronidase assay (first washing) After seven such 
washings, the buffy coat was laked -with distilled water (10 cc ), centrifuged, 
and the supernatant (watei -laked buffy coat) assayed The residue was 
subjected to alternate fieezmg and thawing at room temperature The 
matenal was suspended m 10 cc of H 2 O, centiifuged, and the supernatant 
assayed (freezmg-laked residue) The white cells remained intact durmg 
wasWg with Tyrode’s solution Hon ever, suspending them in distilled 
watei afterwards accomplished almost complete laking 

Results 

From Table I it is clear that the red cells contain little or no glucuromdase 
and that the buffy coat contams the major portion of the blood glucuroni- 
dase activity Similar findings have been made ivith the blood of the 
mouse, rat, rabbit, and dog There does not seem to be any corielation 
of the buffy coat glucuronidase with the percentage of polymorphonuclear 
leucocytes and lymphocytes m the blood Although greater glucuronidase 
activities are frequently found m the presence of high white cell counts, a 
strict dependence of the glucuronidase level upon the number of white 
blood cells is not evident This may be due in part to variations in the 
amount of buffy coat which can be recovered foi assay 

The platelet-rich plasma contains a small number of white cells which 
are rich in glucuionidase The removal of these cells rather than the 
platelets piobably explains the small decrement in activity vhich follows 
Seitz filtration (Table II) It may be concluded that the platelets contam 
little 01 no glucuionidase acitvity 

A substantial fraction of the total buffy coat glucuionidase can be re- 
moved by repeatedly suspending the cells in Tyrode’s solution (Table III) 
The disiuption of the cell membranes by water laking did not release as 
much enzymic actn ity as appeared m the lysate aftei the intermittent 
freezing-thav mg procedure 


DISCUSSION 

The piesence of ^-glucuronidase activity m blood was fiist observed and 
studied by Fishman with a xiew to demonstiatmg a possible correlation 
mth the process of the “metabolic conjugation” of the estrogenic hormones 
^tTiilc the blood of castiated female mice shoiied no change in glucuronidase 
activity following estiogen mjection (4), the blood glucuronidase of women 
undeiwent eharactenstic alterations correlated with the events of nieenancv 
( 3 ) 

It V as then clearly estabhshed that the greater part of the blood glucuron- 



bratNGLR, V^D BRUNLTTI 


455 


idase resided m the formed elements composed of erji:hroc}i:es, platelets, 
leucocj’ies, and Ij-mphoGj-tes The present data strongly mdicate that 
the erjdhroc} tes and platelets may be eliminated as important sources of 
blood cell glucuromdase In Men of the relatively low glucuronidase 
actnitj of normal l3"mph node tissue ( 5 , 6 ), one vould expect that the 
Ijmiphocj’tes should possess less of this enzjnne that the leucoc3i:es On 
the other hand, the lack of correlation of buff3^ coat glucuromdase with the 
relatu e proportion of l3’mphoc3d:es and leucoc3i:es would not be m fa^ or 
of this prediction For the time bemg, final conclusions should not be 
drarni imtil othei experiments are done in nhich the influence of blood 
factors affecting glucuronidase^ hai e been properl3' taken mto account 

Tlie hberation of / 3 -glucuronidase actnit3’’ from the buff3'' coat of the 
blood by nashmg inth T3n ode’s solution is of mterest nith regard to the 
question of the distnbution of / 3 -glucuromdase m the hi mg cell In vien 
of the low content of glucuronidase m ei3'throc3i;es and m platelets, it seems 
unlikel3' that the enz3Tiie is merel3'^ adsoibed b3^ the cell membrane fiom 
the plasma in a non-specific manner Hoiieier, the possibiht3'’ does exist 
that the enz3Tne is a c3doplasniic constituent, capable of bemg secreted 
through the cell membiane, since jS-glucuionidase does occur m secretions 
of the glandular epithelium fsalna, gastnc jmce, unne, spmal fluid, tears, 
bronchial secretions), the range of glucuronidase actint3 being 50 to 800 
umts per 100 cc 

In lien of the knomi secietor3’^ functions of mahgnant neoplastic cells, 
one ma3’' expect to find glucuromdase m both the cells and stioma of cancer 
tissue 

Under the conditions n hich obtam in mvo, one w onders to i\ hat extent 
plasma or serum glucuromdase ma5 be denied from the iihite blood cells, 
eithei through their breakdoim or possibl3’’ through secretion In this 
regard, it seems likely that the nhite cells ordmanl3' contnbute httle glu- 
curomdace to the plasma, since man3 normal mdii iduals hai e practicall3 
no plasma glucuronidase actii it3'- m the presence of high buff3’^ coat enz3Tmc 
activity Hon ever, this point should be kept m mmd in the stud3^ of blood 
glucuromdase m disease 

The explanation of the function of the enz3Tne m the nhite blood cells 
IS not apparent at present Prei iousl3’-, it has been suggested that / 9 -glu- 
curomdase functions m piocesses of “metabohc conjugation”, mth much 
attention bemg directed tonards the formation of steroid glucuromdes 
Honeier another possibiht3 also exists, e g , other glucuromdes of greater 
molecular n eight, such as mucm, h3aluromc acid, chondroitm sulfate, and 
hepann ma3’ be s3Tithesized in part through glucuromdase actu it3 Such 
S3mtheses ma3 oi ma3 not be related to estrogen metabolism In this 

* Fishman, H , \ltman, K I , and Spnnger, B , Faieralion Proc , in press 
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legard it should be pointed out that mteicellulai mucin can be increased 
by the admmistiation of estrogenic homiones (7-11) 

SUMMARY 

The method foi determmmg glucuionidase activity with phenolphthalem 
glucuronide as substiate has been adapted to the assay of blood glucuroni- 
dase This pioceduie has the advantages of gieatei fle\ibihty m its use 
and of fieedom fiom mteifeiing substances in blood In addition, the 
piocess of manufactuimg biosynthetic phenolphthalem glucuronide has 
been improved and simplified 

B}’’ means of this method, it has been possible to show that the maioi 
poition of the glucuionidase activity of the blood is concentiated m the 
leucocytes and Ij’-mphocytes of the foimed elements, little or none bemg 
piesent in eiythioc 5 ’’tes and platelets A substantial amount of white blood 
cell glucuionidase can be lemoved from the intact cells b}'' washing them 
with Tyrode’s solution /3-Glucuronidase activity has been demonstrated 
in saliva, gastiic juice, spinal fluid mine, and teais, which suggests that 
the enzyme can be secreted by the glandulai epithelium These observa- 
tions have been discussed m relation to the possible function of the enzj’-me 
in piocesses of metabolic conjugation 
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ON THE PROTEOLYTIC ENmiES OF ANIMAL TISSUES 
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It \Nas noted in an earlier paper of this senes (1) that the seia of several 
animals and the extracts of various tesues (skm, lung, intestmal mucosa, 
etc ) contam a peptidase w Inch rapidly hydrolyses L-leuc}'lgtycylglycme 
(l-LGG) to leucine and glycylglycine This peptidase is diffeient from the 
previously recogmzed leucme aminopeptidase, smce it does not hydrolj'-ze 
L-leucmamide (ir-LA) and is not actuated bv manganese ions Its wide- 
spread distribution m tissues has raised the possibility that the tripeptide- 
splitting enzyme is not deru ed from the charactei istic cells of a particular 
tissue such as skm or lung, but from cells such as Ijmiphoc's'tes w hich may 
be present in that tissue Furthennore, the occurrence of this peptidase in 
serum has been attributed to its libeiation mto the cuculatmg body fluids 
m the course of the rapid turnover of Ijnnphoid cells (1) This view has 
received support from the findmg that the admmistration to mice of adrenal 
cortical extracts or of pituitary adrenotropic hormone results m the eleva- 
tion of the serum peptidase activit 3 '- toward l-LGG (2) In the light of the 
prior demonstration that the rate of turnover of lymphoid tissue is imder 
pituitary-adrenal control (3), this result encourages the conclusion that a 
significant portion of the serum peptidase activity is derived from the dism- 
tegration of lymphoid cells These developments have prompted the study 
of the proteolytic activity of extracts of tissues known to be rich wnth re- 
spect to lymphocytes In the present commumcation, data are presented 
concermng some of the proteolytic enzymes found in extracts of calf 
thymus 

Proteolytic Aclmly of Crude Saline Extracts of Calf Thymus — When calf 
thymus is extracted with 2 per cent sodium chloride solution, the resultmg 
solution exhibits considerable proteoIji,ic activity townrd tnpeptides such 
as l-LGG and diglycylglycme (GGG) As will be noted m Table I, follow'- 
ing the addition of manganese ions, the hy’-drotysis of l-LGG is accelerated 
and l-LA is split rapidly, thus mdicatmg the presence, m the salme extract, 
of a manganese-activatable leucme aminopeptidase The tyincal substrate 
for trypsmases, benzojd-L-argmmamide, and a substrate for pepsmases, 

’This 8tud> was aided by grants from the Amencan Cancer Societi (on recom 
mendation of the Committee on Grow th of the National Research Council) and from the 
Rockefeller Foundation 
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carbobeiizoxy-L-glutainyl-L-t3aosme, aie not hydiolyzed appieciably, and 
sunilai negative results weie obtained with caibobenzox 5 ^glyc 3 d-L-phenylal- 
anine, the typical substiate^foi caiboxypeptidases The piesence of a 
manganese-activatable piohdase (substiate, glyc3d-L-prohne) could be 
demonstrated, howevei It would appeal, theiefoie, that, in addition to 
leucine ammopeptidase and piohdase, the saline extract of calf thymus con- 
tains appieciable amounts of a tnpeptide-sphtting peptidase similar to that 


Tab or I 

Proteohjlic AcLimty of Saltnc Extract of Calf Thyrmi^ 
Enzyme concentration, 0 28 mg of protein nitrogen per cc of test solution 


Substrale 

I pH 

Time 

J 

No 

ictnator 

iddcd 

Hydrobsis 

0 001 II 
MnSOi 
present 

i 

001 11 

(^stcine 

present 



hrs 

per cent 

per cent 

per cent 

i-Lcucvlglycjdglycine j 

i 7 8 

1 

32 

1 72 

1 35 

1 

1 

2 

60 

103 

56 

Diglycjlglvcine 

7 8 

1 

20 

12 

19 

1 


2 

39 

25 

37 

1 -Leucinanndc 

7 7 

2 

6 

1 57 

4 



4 

14 

94 

8 

Benzoj’l'L-arginmamide 

5 0 

7 



3 


7 6 

7 

2 



Carbobenzo\y-L-glutamjd-i -t^Tosine 

5 4 

6 

1 



Carbobenzoxyglvcjd-c-phcnylalamnc 

1 

6 



2 


7 6 

6 

0 



Glycyl-i -proluie 

1 S 0 

4 

5 

21 



noted previously m extracts of skin and lung and in seium As will be 
slimni m tins communication, this eaz3Tne ly^diob’-zes both l-LGG and 
GGG, and in what follows it will be lefeiied to as l3Tnphopeptidase ^ 

Paihal Purificalion of Lymphopephdase — Appreciable concentration of 
I3 mphoiicptidase activity may be effected by heating the crude saline 
extract to 50°, followed b3Ti actional pi ecipitation between 0 4and0 7 satura- 
tion vith respect to ammonium sulfate Piolonged diatysis agamst 
distilled M atei gn es enzimie solutions w Inch aie notably emiched m lympho- 

■ Since the hmphoid cells of calf thjmus constitute onlj about 60 per cent of the 
cellular mass, exception maj perhaps be taken to the designation of the tnpeptide- 
sphttmg cnzjmo as a constituent of hmphocjtes Support for the use of the term 
"l^mphopeptid ise” is proMclecl bj unpublished studies on the mesenteric lymph node 
of the mouse This tissue, uhich is characterized bj an overwhelming predominance 
of l^mphoc^ tes, also exhibits extremeh high proteoljtic activitj toward l-LCiG and 
GGG 
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peptidase and which show little or no leucine aminopeptidase or prohdase 
activity (Table II) This enzjrme preparation has been used m the experi- 
ments reported m the succeeding sections of this paper 
As m the case of other tissue extracts (1), such solutions of Ijonphopepti- 
dase, under our experimental conditions, hydrolyze ix-LGG and GGG with 
the kinetics of a zero order reaction (cf Table III), and the rate maj’- there- 
fore be defined bj’’ a constant If” which equals per cent hydrol 5 ’sis per 
mmute In Table III, the proteolsrtic coefficient C is defined as K/{en- 

Table II 


Proleolytic Activity of Partially Purified LymphopepHdase 
En7jTne concentration, 0 009 mg of protein nitrogen per cc of test solution, pH 
7 8 to 8 0 


Substrate 

! 

Time i 

Hydrolysis 

No activator 
added 

0 OOlM ilnSOi 
present 


hs 

per cent 

pir cm 

L-Leucylglycylglycme 

1 

25 

26 



49 

53 



91 

90 



98 

99 

Dig’yoylgljctne 

1 

23 

21 


2 

44 

40 


4 

81 



8 

97 


L-Alany!glycylglycine 

1 

24 

24 


2 

47 

46 


4 

86 



8 

99 


L-Leucinamide 

6 

1 

2 

Glycyl-L prohne 

2 

0 

1 


1 6 

2 

7 


zyme concentration (expressed as mg of protem mtrogen per cc of test 
solution)) 

Calculation of the proteolj’tic coefficients of the crude sahne extract of 
thymus and of the partiallj'^ purified liunphopeptidase solution shows a 33- 
fold increase m Ccgg (from 1 2 to 40) The mcrease m Clgg is somewhat 
less (25-fold), which may be attributed to the presence m the crude extract 
of some active leucme anunopeptidase which is ehmmated m the course of 
the purification 

Prelumnary experiments have shown that it is possible to concentrate 
lymphopeptidase further by adsorption at pH 6 on Cy alumina, followed bj 
elution with m/15 phosphate buffer at pH 7 4 Fractional precipitation 
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Table III 

Kmelics 0 / Hydrolysis of h-Leucylglycylglycine and of Diglycylglycine by 

Lymphopepltdase 


The pH was maintained at 7 9 in all cases 


Enzyme concen 
tration, protein 

N per cc 
test solution 


L Leucylglycylglj cine 

Diglycylglycine 

Time 

Hydrolysis 

^GG 

Clgg* 

Hydroljsis 

T 0 

^GGG 

ro • 
^GGG 

mg 

mill 

per cent 



per cent 



0 0045 

60 

12 

0 20 


10 

0 17 



90 

20 

0 22 

47 

15 

0 17 

39 


120 

25 

0 21 

21 

0 18 


180 

38 

0 21 


32 

0 18 


0 009 

60 

25 

0 42 


22 

0 37 



90 

37 

0 41 

46 

34 

0 38 

41 


120 

49 

0 41 


44 

0 37 


0 0135 

30 

19 

0 63 


17 

0 57 



60 

38 

0 63 

47 

31 

0 52 

40 


90 

58 

0 64 


47 

0 52 


0 018 

30 

26 

0 87 

48 

23 

0 77 

43 


60 

51 

0 85 

46 

0 77 

0 027 

30 

! 38 

1 27 

47 

32 

1 07 

39 


60 

1 

1 1 25 

63 

1 05 


* C"’ = The average of per mg of protein nitrogen 


Table IV 

pH Dependence of Lymphopepltdase Action 


Enzjmie concentration, 0 10 mg of protein nitrogen per cc of test solution 


pH 

K'> 

h Leucylglycylglycine 

Diglycylglycme 

6 8 

0 35 

0 28 

7 3 

0 38 


7 5 


0 34 

7 6 

0 41 


7 8 

0 43 

0 38 

8 0 

0 45 

0 39 

8 1 


0 37 

8 2 

0 42 


8 4 

0 40 

0 32 

8 7 

0 35 



wnth ammonium sulfate has given enzyme solutions I’f’ith proteol3rtic coeffi- 
cients (Cgcg) of S5 to 102 

pH Dependence of Lymphopepltdase Action — ^The pH optimum for the 
action of Ijmiphopeptidase on l-LGG or GGG is near pH 8 (c/ Table IV) 




J S FR^TO^, V i SillTH, -iND P E DRISCOLL 


461 


Specificity of Lymphopephdase—As will be noted from Table II, partially 
purified IjTnphopeptidase hydrolyzes not only l-LGG and GGG but also 
L-alan 3 dgl>cylglyciDe (l-AGG), and the rates of hydrolysis of these tnpep- 
tides arc quite similar It was reported previously (1) that the LGG- 
splittmg enzjTue m extracts of skin and in seium is leadilj^ inactivated at 
pH values below 5 4 similar behavior is exliibited by lymphopeptidase, 

as is shown m Table V In addition, foUoinng partial mactivation of the 
enzyme, the activity toward l-LGG, GGG, and l-AGG decreases m a paral- 
lel manner, thus supporting the view that the hydrolysis of the three tripep- 
tides IS effected by the same enzyme It would appear, therefore, that the 
specificity requirements of l 3 Tnphopeptidase permit of some vanation m the 
nature of the ammo acid residue which bears the free ammo group 
The extent of h 3 'drolysis of the tnpeptides by lymphopeptidase does not 

Table V 

pff Slabihty of Lymphopeptidase 

The pH of the enz^ me solution was adjusted 63 the addition of suitable amounts 
of 0 I N hjdroohloric acid to the veronal buffer-enzyme mi\ture After 1 hour at 
40°, ‘he pH was readjusted to pH 7 S and the appropriate substrate was added 
EnzjTno concentration, 0 009 mg of protein nitrogen per cc of test solution 


pH of enzjine solution 

K" 


L-Leuc) Iglycylgb cine 1 

niglyolglycme 

t-Alanylglycylglycine 

7 4 

0 40 j 

0 36 

0 39 

6 3 

0 35 

0 29 

0 32 

5 4 

0 15 ' 

0 13 

0 13 

4 7 

0 03 

0 01 

0 02 

2 6 

0 00 , 

0 00 

0 00 


exceed that expected foi the h 3 "drolysis of one peptide bond (c/ Table II) 
It has been shown previousl 3 '' (4, 1) that partiall 3 '- purifiew extracts of mtes- 
tmal mucosa and of skm h 3 'drolyze l-LGG at the pepticm linkage adjacent 
to the free ammo group L 3 unphopeptidase also acts at this peptide link- 
age m l-LGG and hydrolyzes l-AGG at the analogous bond between the 
alanme and middle glycme residues This is readily demonstrated by po- 
larimetnc observation of the course of hydrolysis, smee the final rotation 
corresponds closely to the value for the mixture of the appropriate optically 
active ammo acid and glycylglycme In the case of l-LGG (0 05 m), after 
100 per cent hydrol 3 tsis of one peptide linkage at pH 7 8, the readmg 
was tto = —0 04° (1 dm tube, 25°), while a mixture of L-leucme (0 05 m), 
glycylglyeme (0 05 m), enzyme (0 008 mg of protem nitrogen per cc ), and 
veronal buffer gave a rotation of - 0 05° On the other hand, a comparable 
fixture of L-leucylglycme (0 05 m), glycme (0 05 m), enzyme, and buffer 
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gave a reading of +0 55° Similarly, for 100 pei cent hydiolysis of one 
peptide linkage of l-AGG (0 05 m) at pH 7 8, the observed rotation was 
+0 01°, and the same value was obtamed for a mixture of L-alanme, glycyl- 
glycme, enzyme, and buffei A mixture of L-alanylglycme, glycine, en- 
zjune, and buffer gave a reading of +0 21° It may be concluded, therefore, 
that lymphopeptidase hydrolyzes l-LGG and l-AGG at the peptide linkage 
adjacent to the fiee ammo group, and piesumably splits the analogous pep- 
tide bond of othei tripeptides which serve as substiates 

The data m Table VI show that the substitution of the free ammo gioup 
of a substrate of l 3 Tnphopeptidase, as m caibobenzoxy-L-LGG or caibo- 
benzoxy-GGG, completely abolishes enzyme action Since the action of 
lymphopeptidase is to hydrolyze LGG at the peptide bond between the leu- 
cine and middle glycine residues, this result suggests that the enz 3 Tne be- 
longs to the gioup of ammoexopeptidases (5) Dipeptides such as glycyl- 
glycme, L-leucylglycme, oi glycyl-L-leucme aie not hydrolyzed to an 
appreciable extent, and it would appeal that the presence of a free carboxyl 
group m adjacence to the sensitive peptide bond exeits an inhibitory effect 
on the enzymatic action 

The specificity of lymphopeptidase differs from that of previously char- 
acterized exopeptidases (ammopeptidase, carboxypeptidase), smce it in- 
volves stiuctmal requirements m addition to a teimmal free ammo gioup 
and the peptide bond which is hydiolj’^zed This is shovm by the fact that 
glycylglycmamide and diglycylglycmamide aie lesistant to enzyme action, 
thus indicating the need for the presence, m a tripeptide, of an ammo acid 
bearing a free a-caiboxyl group Of especial interest m this connection is 
the failuie of Ijonphopeptidase to hydrolyze, at an appieciable rate, such 
tetiapeptides as triglycylglycme, diglycyl-L-leucylglj’-cme, oi diglycyl-L- 
glutam 3 dglycme It may be concluded, therefore, that l 3 Tnphopeptidase 
is an enz 3 rme winch acts as an “ammoexotripeptidase” and which requiies 
m its substrates the groups mdicated m the following foimula by means of 
bold-faced lettey^ 


R 


R' 


R 


tf 


NH: CH CO- 


-NH CH CO— NH CH COOH 


It has been shoim pieviously (6) that L-alanylsaicosylglycme is resistant 
to the action of the peptidase from intestinal mucosa which hydrolyzes 
l-AGG a similar result was noted ivith lymphopeptidase (c/ Table VI), 
and this indicates the need for the ‘'peptide h 3 ’'drogen” m the peptide bond 
which IS split b 3 ’’ the enzyme The requirement for the presence of a hydro- 
gen atom m the sensitive peptide bond may be mterpreted as evidence for 
the view, expressed earlier (7), that, in the case of several proteol 3 ’'tic en- 
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zymes, the peptide bond which is hydrolyzed undergoes enolization m the 
course of the enzymatic action An exception to this conclusion is the 
highly specific prolidase which hydrolyzes peptide bonds mvolving the 
imino group of prolme or hydroxyprobne (6, 4) 

If GGG IS modified so as to insert a methyl group m place of the peptide 
hydrogen of the peptide linkage adjacent to the free carboxyl group, the 

Table VI 

Specificity of Lymphopeplidase 


The rates of hydrolysis are given in terms of proteolytic coefScients, since the 
more resistant substrates required larger enzyme concentrations for accurate deter- 
mmation of the extent of hydrolysis 


Substrate 

pH 

C«* 

Diglycylglycine 

7 9 

41 

Glycylglycme 

7 9 

0 

Glycj Iglycinamide 

8 0 

0 2 

Diglycylglycinamide 

7 6 

0 3 

Tnglj cjjglycine 

7 7 

07 

Glj oylglycylsarcosine 

7 9 

27 

Glycylglycyl-L-proline 

7 9 

I 29 

Carbobenzoxydiglycylglycine 

7 6 

0 

I--A)anylglycylglycine 

7 8 

43 

n-Alanj Iglycylglycme 

7 6 

0 1 

L-Alanylsaroosylglycine 

8 0 

1 0 

L-Leuoylglycylglycine 

7 9 

1 46 

n-Leucylglycylglycine 

7 7 

0 

L-Leucylglycine 

8 0 


Carbobenzoxy-L-Ieucylglycylglycine 

7 8 

0 

Glycyl-L-leucylglycine 

7 9 

40 

Glycyl-n-leucylglycine 

7 9 

0 1 

Glycyl-L-leucine 

7 9 

0 1 

Glycylglycyl-L-leuoine 

7 7 

16 5 

Glycylglycyl-n-leueine 

7 6 

38 

Glycylglycyl-L leucylglyoine 

7 6 

0 8 

Glycylglycyl-L-glutamylglycine 

7 8 

0 2 

Glutathione 

8 0 

0 1 


* C“ = the average per mg of protein mtrogen 


resultmg glycylglycylsarcosme is readily hydrolyzed by lymphopeptidase 
Similarly, glj^cylglycyl-L-proline also is spht by the enz 3 Tne It would ap- 
pear, therefore, that enolization of the peptide bond adjacent to the free 
carboxjd group is not essential for lymphopeptidase action This result is 
consonant uath the fact that lymphopeptidase hj’-drolyzes tnpeptides onlj 
at the peptide bond next to the free ammo group 
The data m Table V show that d-LGG and d-AGG are resistant to en- 
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zyme action, thus giving evidence of stereochemical specificity with respect 
to the ammo acid residue bearmg the fiee ammo group Furthermore, 
glycyl-D-leucylglycme is not spht appreciably by lymphopeptidase, m con- 
trast to the behavior of the correspondmg n peptide In addition, glycyl- 
glycyl-D-leucme is hydrolyzed much more slowly than its l isomei, thus 
showmg that the co^guration of the amino acid bearing the free carboxyl 
group IS also decisive foi lymphopeptidase action This stereochemical 
specificity with respect to the teimmal ammo acid at the carboxyl end of 
the tripeptide is m accord with the view that, in the hydiolysis of the sensi- 
tive peptide bond, the free carboxyl gioup is essential for the propei mutual 

Table VII 

Effect of Added Substances on Lymphopeptidase Activity 


Enzyme concentration, 0 01 mg of protein nitrogen per cc of tost solution, pH 
7 S to 7 9 


Added substance 


1 . Leucylglycyl- 
glycmc 1 

Diglycylglycme 

None 

0 44 

0 39 

0 01 M cysteine 

0 42 

0 38 

0 005 M cyanide 

0 43 

0 38 

0 005 “ sulfide 

0 42 

0 39 

0 001 “ lodoacetate 

0 45 

0 40 

0 001 “ MnSOi 

0 43 

0 37 

0 001 “ ZnSOi 


0 37 

0 001 “ MgSOi 


0 40 

0 001 “ CoCl, 


0 40 

0 001 “ N 1 SO 4 (NHOsSOi 


0 38 

0 001 “ AI 1 SO 4 KjSO* 


0 38 

0 001 “ CdSOi 


0 16 


alignment of the substrate molecule and the “active center” of the enzyme 

( 8 ) 

The data presented above mdicate that an exopeptidase may require, m 
its substrates, not only a termmal a-ammo or a-caiboxyl group m adjacence 
to the sensitive peptide bond but also additional polar groups at suitable 
positions m its substrate Although lymphopeptidase appears to be the 
first instance of such an enzyme, the possibility exists that other cases of this 
kind may be found in the course of further mvestigation 

Olhcv Propcvties of Lyrnpliopeplidase — ^The action of lymphopeptidase is 
not mhibited appreciably by the presence of 0 01 m cysteine, 0 005 m cya- 
nide, 0 0005 Ai sulfide, or 0 001 m lodoacetate (cf Table VII) As noted m 
Table II, the addition of manganese ions does not influence maikedly the 
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enzymatic action of purified Ijunphopeptidase on GGG, although, in crude 
thymus extracts, the presence of MnS 04 causes a shght inhibition of the 
hydrolysis of this substrate A number of metal ions other than manganese 
were also tested for their effect on the rate of hj’-drolysis of GGG by Jympho- 
peptidase (c/ Table VI) Of these, only the presence of cadmium ions re- 
sulted m a change m the rate, imder the conditions of these experiments 
The evaluation of this findmg must await the results of further studies 

DISCUSSION 

Attention has been drawn (9) to the similarity m the properties of the 
“ammopeptidase” of mtestmal mucosa, which has been extensively purified 
by Agren (10), and the tripeptide-sphtting enzymes found m extracts of 
skin, lung, and muscle and m serum and lymph The available data on the 
specificity, pH stabihty, and activation behavior of the comparable en- 
zymes from these various sources are analogous to those described above 
for lymphopeptidase It would appear to be a justifiable workmg hypoth- 
esis, therefore, to consider all these enzymatic actions to be due to an 
enzyme denved from Ijmphoid cells, although further comparison of highlj’- 
purified preparations of the tripeptidases from various tissues is necessary 
before this view can be asserted with confidence The results obtamed to 
date, however, give added emphasis to the concept developed at the turn 
of the century by Metchnikoff (11) and others which assigns to lymphoid 
cells a sigmficant r61e m the proteoljdic mechanisms of body tissues and 
flmds The manner m n hich the tripeptide-sphtting lymphopeptidase may 
participate m protem metabolism is a problem for future studj’^ It has al- 
ready been suggested (12) that the mtestmal peptidase which hydrol 3 '^zes 
l-AGG is identical mth the “mtnnsic factor” of Castle 

Examination of the available data (1, 4) also shows that crude extiacts 
of all the vanous tissues mentioned above contam, m addition to tripep- 
tidase activity, leucme ammopeptidase, and prohdase The parallel occur- 
lence of these three enzymes m a vanety of tissues may be taken to suggest 
them common ongm in l 3 Tnphoid cells 

EXPEHEUENTAE 

Partial Purification of Dymphopeptidasc — 600 gm of calf th 3 Tnus were 
mmced ivith 1 2 liters of 2 per cent sodium chloride solution m a Warmg 
blendor, 50 cc of toluene were added, and the mixture was stirred mechan- 
ically for 2 hours at room temperature The suspension was stramed 
through fine cheese-cloth to give the crude extract used for the experi- 
ments reported m Table I 

The crude extract (1460 cc ) was diluted with 4 volumes of water and 
heated to 50° for 1 hour with vigorous mechamcal sturmg The suspension 
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as filtered by gravity m the cold room through fluted filters To the clear 
filtiate (4 6 liters) there were added, with mechanical stirring, 1115 gm of 
ammonium sulfate The piecipitate which separated was lemoved by suc- 
tion with the aid of Hj^’flo Supei-Cel To the filtrate (4 94 liters), 1015 gm 
of ammonium sulfate weie added with stirring The precipitate was col- 
lected by filtiation through hardened filter paper The moist filter cake 
weighed G 5 gm 

To prepaie a solution of l 3 Tnphopeptidase, 1 gm of the filter cake was 
dissolved in 50 cc of water and dialyzed in a rockmg dialyzer against dis- 
tilled watei for 72 hours at 4° The precipitate which separated during 
dialysis was lemoved by filtiation through fluted filter papei ^ A few diops 
of toluene were added as a preseiwative If kept in the refrigeratoi when 
not in use, the enzyme solution letams its lymphopeptidase activity for 2 to 
3 weeks 

Measurement of Enzyme Achvtly — In all cases, the concentration of the 
synthetic substrates was 0 05 mM per cc of test solution The pH was 
maintamed by means of 0 02 m veional buffer at pH 6 8 to 8 7 and vnth 0 02 
M citrate buffer at pH 5 0 to 5 4 The flasks contammg substiate, buffer, 
and enzjmve were kept in a water thermostat at 39° The i ate of hydi olysis 
was followed by measurement of the libeiation of carboxjd gioups by the 
method of Giassmann and Heyde (13) The data m Tables I to VI are 
given m terms of percentage of the caiboxjd groups expected from the com- 
plete hydiolj'Bis of one peptide linkage 

Glycylglycylsarcosine 

Cathobcnzoxyglycylglycylsarcosine Benzyl Ester — To an etheieal solution 
of sai cosine benzyl estei (prepared in the usual mannei fiom 2 gm of the 
Itydiochloiide), theie was added a solution of 2 gm of caibobenzo\j'^gl 3 ’'cyl- 
glycmazidc in ethyl acetate On standing ovei night at loom temperature, 
1 4 gm of the coupling product sepaiated, mp , 110-111° The filtrate 
Mas r\ ashed with dilute hydrochloiic acid, dilute bicaibonate solution, and 
natei, dried ovci Na 2 S 04 , and concentiated to a small volume under re- 
duced piessuie A second crop (0 2 gm ) of the pioduct was obtained b}’’ 
the addition of peti oleum ethei 

02.110,06X3 (427 4) Calculated, N 9 S, found, N 9 6 

Glycylglycylsm cosine 1 gm of the caibobenzoxytiipeptide benzjd estei 
nas lijdiogenated in methanol in the piesence of palladium black The 
peptide sepaiated duiing the hydiogenation and was dissolved by the addi- 
tion of natei The filtiate fiom the catalyst was evapoiated, and on addi- 
tion of alcohol, the peptide crystallized Yield, 0 35 gm The substance 
nas chied at 100° in vacuo over phosphoius pentoxide 

CTHnOjNi Calculated C 41 4, H 6 4, N 20 7 
203 2 Found “ 41 5, “ 6 3, “ 20 5 
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GlycylglycylriAeucme 

Carhohenzoxyglycylglycyl-'h-leucine Melhyl Esier — To a solution of L-leu- 
cme methyl ester (prepared from 2 5 gm of the h 3 "drochlonde) m ethjd 
acetate, there were added 2 gm of carbobenzoxj'^glycylglj’^cmazide The 
reaction mixture was left at room temperature overnight and then washed 
with dilute hj'drochloric acid, dilute bicarbonate solution, and water The 
ethyl acetate solution was dried over NajSOi and concentrated to a small 
volume under reduced pressure The addition of ether and petroleum ether 
gave a crystalhne precipitate After recrystalhzation from ethjd acetate- 
petroleum ether, the substance melted at 93-94° Yield, 1 4 gm 

CuHjvOsNi (393 4) Calculated, N 10 7, found, N 10 4 

Glycylglycyl-iAeucine — 1 gm of the carbobenzoxytripeptide ester was 
dissolved m 25 cc of methanol, and 3 8 cc of n NaOH were added After 
20 mmutes, the solution was acidified and concentrated under reduced pres- 
sure The carbobenzoxytnpeptide nhich crj^staUized was collected, 
washed with water, and dried o\er phosphorus pentoxide It was then 
hydrogenated m the usual manner to yield 0 5 gm of the desued tnpeptide 
For analysis, the product was recrystallized from ethanol-water and dried 
m vacuo at 100° over phosphorus pentoxide 

CioHi,O.N: Calculated C 49 0, H 7 7, N 17 1 
245 3 Found " 49 2, “ 7 5, “ 16 9 

[ale = —28 0® (2% in water) 

Glycylglycyl-v-leucme 

Carbobenzoxyglycylglycyl-v-leucine Methyl Ester — ^This compound was 
prepared m the same manner as was the L form, m p , 95-96° 

C19 H tOsNj (393 4) Calculated, N 10 7, found, N 10 5 

Glycylglycyl-n-leucme — ^This compoimd was prepared from the aboi e cai- 
bobenzoxytnpeptide ester m the same maimer as was the l form 

C,oHi,0<Nj Calculated C 49 0, H 7 7, N 17 1 
245 3 Found “ 49 1, “ 7 7, “ 17 0 

lain = +27 5® (2% in water) 

Glycyl-Ji-leucylglynne — This compound was prepared m the same manner 
as was the l form (14) 

CioHisOiNj Calculated C 49 0, H 7 7, X 17 1 
245 3 Found “ 49 2, “ 7 5, “ 16 9 

[alS = +42 6® (2% in water) 

Diglycylglycinamide Acetate 

Carbohenzoxydiglycylglycine Ethyl Ester — ^This compound was prepared bj' 
the couphng of carbobenzoxyglycj’'lgl 3 ’’cinazide (1 5 gm ) with glycme eth 3 d 
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ester (prepared fiom 2 5 gm of the hydiochloiide) by the piocedme de- 
sciibed above for carbobenzoxyglycylglycyl-L-leucine methyl ester Yield, 
1 4 gm , m p , 165° 

CieHoiOjNs (351 3) Calculated, N 12 0, found, N 11 9 

Catbobenzoxydiglycylglycinaimde — 1 gm of the above estei was dissolved 
in 25 cc of methanol previously saturated ivith dry ammonia at 0°, and the 
solution was allowed to stand at loom temperature, foi 2 da 3 '’s Diuing this 
period, the amide separated from the solution Yield, 0 9 gm The sub- 
stance was recrystallized from hot watei , m p , 220° 

ChHisObN* (322 3) Calculated, N 17 4, found, N 17 1 

Diglya/lglyanamide Acetate — 0 5 gm of the carbobenzoxytripeptide 
amide was hydiogenated m methanol containmg 1 0 cc of glacial acetic 
acid On concentration of the filtrate, the pioduct ciystallized It was 
leciystalhzed from absolute alcohol Yield, 0 3 gm 

C 8 H, 203 N 4 CjH«Os Calculated C 38 7, H 6 5, N 22 6 

248 2 Found “ 39 0, " 6 4, “ 22 3 

SUMMARY 

Calf thymus extiacts contain a peptidase which hydiolyzes tnpeptides 
at the peptide linkage adjacent to the free ammo gioup of the substiate 
Tins enzyme, named l 3 miphopeptidase, has been purified appreciablj'- by 
fi actional piecipitation with ammonium sulfate and bj'^ dialysis against 
watei The specificity of the purified lymphopeptidase has been studied 
by means of a series of peptides and peptide derivatives closed related to the 
substrates for this enz 3 Tne, and the lesults mdicate that it should be classi- 
fied as an “aminoexotiipeptidase ” The fact that the sera as well as the 
extracts of vaiious tissues from several animals exhibit peptidase activity 
closely similar to that of lymphopeptidase suggests that this enzjune is 
largelj’" lesponsible for the tripeptide-splitting activity of these sera and tis- 
sue extracts 
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PREPARATION OF d- AND l-]\IETHIONINE FROM 
dl-methionine by ENZYjMATIC 
RESOLUTION* 
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{From the Department of Physiological Chemistry, Yale University, New Haven) 

(Received for publication, December 19, 1947) 

It has been shown previously (1, 2) that the synthesis of CO-NH linkages 
by papain as well as by other proteinases is characterized by extreme stereo- 
chemical specificity Thus, upon the addition of cysteme-activated papam 
to a mixture of carbobenzoxy-nn-glutamic acid and aniline, there is formed 
carbobenzoxy-i/-glutamic acid amhde, w'hich separates m crystalline form 
The carbobenzoxy-D-glutamic acid which remains m solution may then be 
hydrogenated to yield n-glutamic acid (2) 

As noted elsewhere (3), it appears desirable to examine the feasibihty of 
this enzymatic resolution method for the preparation of the optically active 
isomers of several ammo acids (methionme, threomne, valme, and isoleu- 
cme) whosenL formsare nowreadily accessible by synthesis In the present 

commumcation there is described the preparation, by the enzymatic resolu- 
tion of DL-methiomne, of n- and of n-methionme A method for the resolu- 
tion of Di/-methiomne has been described previously by Wmdus and Marvel 
(4), who used the classical procedure of Emil Fischer Duschinsky and 
Jeannerat (5) prepared L-methiomne from the racemate by the selective 
oxidation of the n isomer with n-ammo acid oxidase 
When carbobenzoxy-DL-methiomne is mcubated with aniline m the pres 
ence of cysteme-activated papam, carbobenzoxy-L-methiomne amhde crys- 
talhzes with a 3 neld of 95 per cent From the filtrate, there may be isolated 
carbobenzoxy-n-methionme which, on catalytic hydrogenation, is converted 
to D-methiomne of satisfactory purify 
It was mtended to obtain ir-methionme by the hydrolysis of carboben- 
zoxy-i/-methiomne amhde with hydrochlonc acid The mam product of 
the cleavage was found to be not L-methiomne, however, but S-benzyl-n- 
homocysteme The formation of this compound from carbobenzox 3 ^-i/- 
methiomne amhde may be explamed by assuming the formation of benzyl 
chloride m the course of the acid hydrolysis of the carbobenzoxy group, 
followed by the conversion of the thioether to a sififomum ion The prefer- 
ential elimination of the methyl group durmg the decomposition of the 

• This study was aided by grants from the Amencan Cancer Societj (on reconunen 
dation of the Committee on Growth of the Nationaf Research Council) and from the 
Rockefeller Foundation 
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sulfonium lon would then lead to the formation of S-benzyl-L-homocys- 
teme 


CHs 

I 

s 

1 

CHj 

1 

CHs 

I 

CcHgCHsOCO— NHCH 

I 

COOH 


r oHs 

I 

+S— CHoCsHe 
1 

CHj 

1 

CHo 

I 

CHNHo 

I 

L COOH 


S— CHsCgHs 
CH s 

I 

CH: 

I 

CHNIIo 

I 

COOH 


Support foi this interpretation comes from the obsersmtion that, if dl- 
methiomne is refluxed with benzyl chloride and hydrochloric acid, S-benz 5 d- 
DL-homocysteme is formed 

The application of the enzymatic resolution method thus ofi'ers an addi- 
tional method for the preparation of S-benzyl-L-homocysteme This 
compound was first obtamed by du Vigneaud and Patterson (6) fiom dl- 
methiomne by the conversion of the latter substance to DL-homocystme, 
which was then reduced with sodium m liquid ammonia Treatment with 
benzyl cliloride gave S-benzyl-nirhomocysteme which was lesolved by frac- 
tional crystallization of the brucine salts of the N-formyl deiivatives Du 
Vigneaud and Patterson prepared n- and L-homocysteme from the optically 
active S-benzyl derivatives by treatment ivith sodium m liquid ammoma 

The difficulty encountered m the attempted preparation of L-methionme 
from carbobenzoxy-DL-methionme may be avoided if, m place of the carbo- 
benzoxj’- derivative, the benzoyl compound is employed in the enzymatic 
resolution In the presence of papain, benzoyl-L-methiomne anilide is 
formed in 97 per cent yield and pure L-methiomne may be prepared by acid 
hydrolysis of this derivative The isolation of pure benzoyl-n-methionme 
from the filtrate of the anihde proved to be difficult, m contrast to the situa- 
tion found in the case of the corresponding carbobenzoxy compound Hy- 
drolysis of the unpuie benzoyl-n-methionme gave partially racemic prepara- 
tions of the ammo acid 

The ready ai affability of the optically active isomers of methionme makes 
possible their use m the synthesis of peptides of l- and of n-methionme 
The preparation of such peptides will be the subject of a subsequent com- 
munication. 


EXPERIMENTAL 

Carbobenzoxy -Djj-meihiomne — To a solution of 30 gm (0 2 mole) of dl- 
methionine in 100 cc of 2 n NaOH, there were added 37 5 gm (0 22 mole) 
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of carbobenzoxy chlonde and 120 cc of 2 n NaOH m five portions over a 
period of 30 minutes The reaction mixture was kept at 0° and stirred 
contmuously dunng this time After further stirrmg for 1 hour at room 
temperature, the solution was acidified to Congo red with concentrated hydro- 
chloric acid, causmg the precipitation of crystalline carbobenzoxy-DL-me- 
thiomne The crystals were collected and dried over phosphorus pentoxide 
171 vacuo Yield, 50 gm (88 per cent), m p , 110-112° After reciystalliza- 
tion from 40 per cent ethanol, the substance melted at 112° 

CijH„0<NS Calculated C551, H61, N49 
283 2 Found " 55 2, “ 6 0, “ 4 9 

Enzymaltc Synthesis of Carbobemoxy-irmethiomne Anilide — 14 5 gm (0 05 
mole) of carbobenzoxy-DL-methionme were dissolved m 50 cc of N NaOH 
and added to 9 5 cc (011 mole) of aniline A solution of 0 6 gm of cysteme 
hydrochlonde m 20 cc of water was added, followed by 40 cc of 0 2 m citrate 
buffer (pH 5 0) A solution obtamed by the extraction of 3 gm of crude 
papam (dned papaya latex) with 40 cc of water was then introduced and 
the reaction mixture was diluted to 250 cc with water Separation of the 
amlide began unmediately, cr}'’stalln!ation bemg mduced by vigorous shak- 
mg of the flask The reaction mixture was placed m a constant tempera- 
ture bath at 38° for 4 days The anilide which separated was removed 
daily and the filtrate was replaced m the bath after adjustmg the pH to 5 
ivith a few drops of concentrated hydrochlonc acid The combmed precipi- 
tates weighed 8 7 gm (95 per cent) The compound was recrystallized from 
40 per cent ethanol, m p , 162 5° 

Ci,H OiNjS Calculated C 63 6, H 6 2, N 7 8 
358 3 Found “ 63 5, “ 6 2, "81 

[«]“ = —14 8° (1 45% in glacial acetic acid) 

Carbdbemoxy-T>-7nethiomne — The filtrate remaimng from the enzymatic 
synthesis of carbobenzoxy-n-methiomne anilide was heated to boihng to 
coagulate the proteins and was decolorized with a few gm of Darco The 
clear filtrate was acidified to Congo red with concentrated hydrochlonc 
acid The syrup which separated crystaUized after bemg kept m the ice- 
box for 24 hours The crystals were dissolved m ether and the ethereal 
solution was extracted with an aqueous solution of potassium bicarbonate 
Upon acidification of the aqueous layer, there separated crj^stalhne carbo- 
benzoxy-D-methiomne which was collected and washed with cold water 
Yield, 7 gm (85 per cent) After recrystallization from 50 per cent ethanol, 
the substance melted at 69-70° 

C„H„04NS Calculated C55 1,H61, N49 
283 2 Found " 54 9, " 6 1, " 4 8 
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D-Methiomne — 2 85 gm (0 01 mole) of carbobenzo\y'D-methionme were 
dissolved in 20 cc of methanol contaming a few drops of glacial acetic acid 
and hydrogenated with palladium black as the catalyst The hydrogena- 
tion required 11 hours and fresh catalyst was added at the end of 5 hours 
50 cc of hot water were added to dissolve the free ammo acid, and the 
catalyst was removed by filtration and washed on the filter with more hot 
water The filtrate and washings were concentrated to dryness in vacuo 
and the residue was extracted ivith ether to remove any unchanged carbo- 
benzoxy-D-methionme The ether-insoluble material was lecrystalhzed 
from 75 pei cent ethanol The crystallme n-methionme was collected, 
washed voth small amounts of absolute alcohol and ether, and dried over 
phosphorus pentoxide Yield, 1 0 gm (67 per cent) 

CsHiiOsNS Calculated C 40 2, H 7 5, N 9 4 
149 2 Found “ 40 1, “ 7 4, “ 9 1 

[a]” = —21 5° (1 2% in 0 2 N hydiochlonc acid) 

Wmdus and Marvel (4) repoid [a] I* = — 21 18° (0 8 per cent m 0 2 n hydro 
chloiic acid) 

S-Benzyl-Ju-homocysta.ne — 2 5 gm (0 0067 mole) of caibobenzoxy-L-me- 
thionine anilide weie lefluxed ivith 20 cc of concentrated hydiochlonc acid 
for 10 hours The hydrolysate was exti acted Avith ethei and the aqueous 
layer was concentiated undei reduced piessuie The concentiate was neu- 
tralized with satuiated lithium hydi oxide solution, juelding a heavy white 
precipitate which was collected and washed vath small amounts of water, 
alcohol, and ethei The pioduct was leciystalhzed fiom boiling water 
Yield, 0 5 gm (30 pei cent), mp, 243-244° (tvith decomposition) Du 
Vigneaud and Patteison (6) report 247-252° for S-benz3d-r>-homocysteme 

CiiHuOoNS Calculated C 58 6, H 6 7, N 6 2 
225 2 Found “ 58 6, “6 7, “61 

[qId = +27 2° (1% m N hydrochloric acid) 

Du Vigneaud and Patterson (6) found foi S-benzyl-n-homocysteine 
Hn® = —25° (1 per cent in n hydrochloiic acid) 

S-Benzyl-T>'L-ho?nociysteine — 1 5 gm (0 01 mole of DL-methionine) were dis- 
solved in 20 cc of concentrated hydrochloric acid, 1 4 cc (0 012 mole) of 
benzyl chloiide were added, and the mixtme was lefluxed foi 11 horns 
The leaction mixtme, after being cooled, was extracted ivith ethei, and the 
aqueous laj’-er was concentrated to a 330 up under reduced piessure The 
residue was taken up m 30 cc of watei and neutralized with saturated 
lithium hydroxide solution The resulting piecipitate ivas collected and 
Avashed successively with cold water, ethanol, and ethei Yield, 1 0 gm 
(45 per cent) After recrystallization from boiling Avater, the substance 
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melted AVith decomposition at 240-243° Du Vigneaud and Patterson (6) 
report 240-250° 

CnHuOjNS (225 2) Calculated, N 6 2, found, N 5 9 

Bmzoyl-'Oh-methtomne — Tins compound was prepared accordmg to the 
directions of Steiger (7) for the benzojdation of ammo acids 32 gm of the 
benzoyl derivative were obtamed from 20 gm of DL-methionme, represent- 
ing a jueld of 95 per cent The crude material melted at 145-150° After 
recrj'staUization from 33 per cent ethanol, the compound melted sharply at 
151° This value agrees with that reported by Hill and Robson (8) 

Enzymalic Synthesis of Benzoyl-ii-methtomne Anilide — 19 45 gm (0 077 
mole) of benzoyl-DL-methiomne were dissolved in 77 cc of N NaOH and 
13 9 gm (0 154 mole) of anihne were added A solution of 0 93 gm of 
cysteme hydrochloride m 25 cc of water was then added, follov ed by 40 cc 
of 0 2 M citrate buffer (pH 5 0) The enzyme solution, prepared by extract- 
mg 4 6 gm of papam ^vlth 62 cc of water, was mtroduced, and the murture 
was agitated and placed m a constant temperature bath at 38° Another 
190 cc of buffer and more water were added gradually over a period of 2 
hours, makmg the total volume 750 cc After 18 hours, the benzojl-L- 
methionme anihde which had separated was collected and the filtrate vas 
replaced m the bath The first crop veighed 11 3 gm (90 per cent) An- 
other 0 9 gm was collected after the next 24 hours, giving a total jueld of 
12 2 gm (97 per cent) The compoimd was purified by recrystalhzation 
first from ethyl acetate and then from ethanol-water, m p , 159° 

CjsHmOjNsS Calculated C 65 8, H 6 2, N 8 5 
328 3 Found " 65 8, “6 2, “82 

Acid Hydrolysis of Benzoyl-tr-methiomne Anilide — 2 2 gm (0 0067 mole) 
of benzoyl-ir-methiomne anihde were suspended m 150 cc of 6 n hydro- 
chlonc acid and refluxed on a sand-bath for 12 hours After coolmg the 
mixture, the benzoic acid which had crystaUized was removed by filtration 
The filtrate was concentrated under reduced pressure to 50 cc and then 
was extracted with two 35 cc portions of ether The aqueous la5'er was 
concentrated and the residue was taken up m 15 cc of absolute alcohol. 
The addition of 5 cc of pjTidine caused the crystallization of n-methionme 
The crystals were collected and washed successively with absolute alcohol 
and ether Yield, 0 5 gm (50 per cent) The rotation of the unrecrj stal- 
hzed material was [a]^^ = -f 20 7° (1 per cent m 0 2 n hydroeliloric acid) 
After recrystalhzation from 75 per cent ethanol, the optical activity v as un- 
changed The substance melted at 281° (corrected) mth previous darken- 
mg and shrinkage Mueller (9) reports a meltmg pomt of 283° for l- 
methionme 

CtH„OjNS Calculated C 40 2, H 7 5, N 9 4 
149 2 Found " 40 0, “ 7 3, “ 9 1 
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Aaid Hydrolysis of Benzoyl-D-metlnoninc — The filtrate from the enzymatic 
synthesis of benzoyl-L-methionme anilide was heated to boihng to coagulate 
the proteins, was decolorized with Darco and filtered, and the filtrate ivas 
concentrated in vamo to 185 cc After acidification to Congo red, the 
benzoyl-D-methiomne separated as an oil which ciystalhzed readily upon 
stirrmg and scratchmg The crude ciystals were collected, washed with a 
small amount of cold water, and dried over phosphorus pentoxide and so- 
dium hydroxide Yield, 9 4 gm (96 per cent) Paitial puiification was 
effected by the extraction of an ethyl acetate solution of this mateiial with 
aqueous potassium bicarbonate, and acidification of the bicarbonate solu- 
tion The crystallme material which lesulted was washed and dried as be- 
fore Further purification by recrystallization was unsuccessful because 
the solubility of benzoyl-n-methionme proved to be greater than that of 
benzoyl-DL-methiorune Therefore, 2 55 gm (0 01 mole) of the partially 
purified benzoyl-D-methionme weie suspended in 250 cc of 10 per cent 
hydrochloric acid and refluxed on a sand-bath for 12 houis The benzoic 
acid which had separated was removed by filtration, and the filtrate was 
concentrated under i educed pressure to a volume of 125 cc After e\ti ac- 
tion with two 60 cc portions of ether, the solution was further concentiated 
in vacuo and the residue was taken up m 18 cc of absolute alcohol The 
alcoholic solution was clarified by filtration and the methiomne was precipi- 
tated by the addition of 4 cc of pyridine Yield, 1 0 gm (67 per cent) 
The optical rotation of the product was Hd” = —16 7° (1 7 pei cent m 0 2 
N hydrochloric acid) Recrystallization of 0 9 gm of the above material 
from 100 cc of 75 pei cent ethanol yielded 0 6 gm of methiomne with a ro- 
tation of [alD** = — 15 7° (0 7 per cent in 0 2 N hydrochloric acid), thus indi- 
catmg that the mateiial was bemg enriched with lespect to nn-methionine 
rathei than n-methionme 

An additional fraction (0 16 gm ) was lecovered from the mother liquoi, 
and this had a rotation of [a] = —20 7° (0 8 per cent in 0 2 n hydrochloric 
acid) 

CbHuOzNS Calculated C 40 2, H 7 5, N 9 4 

149 2 Found » 40 4, " 7 5, “ 9 2 

Altliough reasonably pure n-methionme was obtained, the pioceduie was 
less satisfactory than that involving the hydrogenation of carbobenzoxy-n- 
methiomne 


SUMMARY 

DL-Methionine has been resolved by the action of papam on a mixture of 
caibobenzo\y-DL-methionine and aniline The anilide of the l isomer sepa- 
rates m crystalline form, and from the filtrate there may be isolated carbo- 
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benzoxy-D-metluomne which upon catal34iic hydrogenation is converted to 
D-methionme Acid hydrolysis of caTbobenzoxy-ir-methionme amhde 
yields S-benzyl-ir-homocysteine L-Methionine may be prepared by the 
ensymatic synthesis of benzoyl-n-methiomne amhde from benzoyl-DL- 
methionine and amhne, followed by acid hydrolysis of the amhde 
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THE HTILIZATION OF PEPTmES BY LACTIC ACID BACTERIA* 

By WILLARD A KREHL Aim JOSEPH S FRUTON 
(From the Department oj P/iysiologtcal Chemxelry, Yale TJnivereity, New Haven) 

(Received for publication, December 29, 1947) 

The extensive use of the lactic acid bacteria for the microbiological assay 
of ammo acids has prov ided valuable data on the ammo acid composition 
of proteins (1) In some cases, attempts have been made to determme 
the ammo acid content of materials such as plasma (2), urme (3), and partial 
hydrolysates of tissue proteins (4) without reference to the question as to 
whether these materials contained peptides of the ammo acid under test and 
whether these peptides were utilized by the test orgamsm as effectively as 
the unsubstituted ammo acid Subsequent work (5) showed, mdeed, that 
acid hydrolysis of such complex materials markedly raised their apparent 
ammo acid content The experiments descnbed m the present commum- 
cation mdicate that there exists considerable variation m the utilization of 
leucine peptides by Ladobacillus arabinosus and by Sireptococciis faecahs 
Similar experiments have been reported recently by Agren (6), who found 
differences m the utilization of vanous leucme and vahne peptides (of un- 
stated configuration) by several lactic acid bacteria In addition, it has 
been shown preinously (7) that the leuctneless mutant of Eschenchta coli 
exhibits considerable selectivity m the utilization of leucme peptides for 
growth The suggestion has been made (7, 8) that, m the case of many 
peptides, utilization for growth is preceded by enzymatic hydrotysis to yield 
the essential ammo acid Differences m the effectiveness of such peptides 
m replacmg an essential ammo acid may be taken, therefore, to reflect 
differences m the rate of cleavage of the peptides by the bactenal peptidases 
Recent work has shown, however, that some peptides may be more effec- 
tive m promotmg bactenal groui,h than are the component ammo acids 
This has been brought out strikmgly by the work of Woolley (9) on “strepo- 
genm,” and Womack and Rose (10) have raised the question as to the possi- 
ble identity of this matenal with a peptide-hke factor, which they have 
found to promote the growth of the rat Moreover, data have been ob- 
tained* to show that, m the case of a prolineless mutant of Escherichia coli, 
certam prohne peptides are more effective growth factors than is prolme 
useff It is clear, therefore, that there exist particular combinations of 
ammo acids bound m peptide linkage which may be utilized m metabolism 
without prior enzymatic hydrolj^sis 

* This study nas aided bj grants from the Sugar Research Foundation, Inc , and 
from the Rockefeller Foundation 

I Simmonds, S , and Fruton, J S , unpublished evpeninents 

479 



480 


BACTERIAL UTILIZATION OP PEPTIDES 


Testing Methods — The microoigamsms used were Laciobaallus arabino- 
sus 8014,“ Lactobacillus casei 7469,^ Sti eptococcus faecalis 9790,® and 
Leuconosioc mesenteroidcs P-60 8042 ® Stock cultures of the organisms 
were carried in a medium containmg 2 pei cent Difco yeast extract, 
0 5 per cent glucose, 2 per cent sodium acetate, and 1 5 per cent agar 
The components of the basal medium diffei for the most part only quanti- 


Table I 

Composition of Complete Basal Medium 


Component 

Amount per 
10 cc limi 
medium 

Component 

Amount per 
10 cc final 
medium 


mg 


mg 

Amino acid mixtui e 


Salts C* (0 2 CO per 10 cc of 


L- Asparagine 

4 

final medium) 


L-Glutamic acid 

5 

MgSO* 7 H 2 O 

8 0 

I -Lysine HCl 

2 

NaCl 

0 4 

L-Cystine 

1 

FeSO« 7 HsO 

0 4 

L-Arginine HCl 

1 

MnS04 4 H 2 O 

1 6 

I -Histidine HCl HsO 

1 

Glucose 

200 

L-Proline 

1 

Purines and pynnudines 

y 

1 -Tyrosine 

1 

Adenine sulfate 2HsO 

100 

I -Serine 

1 

Guanine HCl 2 H 2 O 

100 

I -Leucinet 

1 

Uracil 

100 

nn-Tryptoplian 

1 

Xanthine 

100 

DL-Alanine 

2 

Vitamins 


DL-Tlircomnc 

2 

Biotin 

0 05 

DL-Isoleucine 

2 

Folic acid 

0 05 

DL- Valine 

2 

p-Aminobenzoic acid 

0 5 

DL-Metlnomne 

2 

Thiamine HCl 

10 0 

DL-Phenylalanine 

2 

Riboflavin 

10 0 

Glycine 

1 

PyridoMne HCl 

10 0 

(NIL) 2 S 04 

30 

Nicotinic acid 

10 0 

Sodium acetate 

200 1 

Calcium pantothenate 

10 0 

KH:P 04 

25 



K-HPO 4 

25 




* Roberts and Snell (11) 

t Omitted in the assay for tins amino acid and for leucine derivatives 


tatively fiom those usually employed, but because uniform success has 
been attained iwth this medium for all of the lactic acid bacteria hsted 
above, its composition is presented m Table I 
The procedure in conductmg the microbiological assay is similar to that 
generally employed (12) Pnoi to use, the inocula were diluted 1 30 or 
1 60, as indicated, and stock cultures were tiansferred to fresh agar each 

* American T 3 'pe Culture Collection, Georgetown University, Washington, D C 
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week All assay tubes were incubated at 37° and removed at suitable 
intervals for turbidimetric measurement with the Evelyn photoelectric 
colorimeter (filter No 620) or for the estimation of the acid production by 
titration with 0 1 N NaOH 

Jjiilizahon of Leucine Peptides by Lactic Acid Bacteria — It has been re- 
ported previously (13) that n-leucme is not used b}’’ Lactobacillus arabinosits 
for growth (as measured by acid production after an mcubation penod of 
72 hours) and that this ammo acid does not inhibit the activity of L-leucme 
This result has been confirmed in the present studies and it has also been 
foimd that the same is true for Streptococcus faecalis (cf Table II) It was 
noted, however, that of two commercial preparations of D]>leucme only 
one gave growth responses which were to be expected on the basis of its 
i/-leucme content The other preparation of nn-leucme consistently gave 
lower values and it may be concluded, therefore, that this material vas 
impure ^ This finding further emphasizes the need for careful checking of 
the punty of the standards used for the microbiological assay of ammo 
acids 

In evaluatmg the utilization of the leucme peptides, it was desirable to 
estimate the extent of bactenal growth at different tune mten’^als, in addi- 
tion to the customary determination of the acid production after 72 hours 
This was done by measurement of turbidity after 16 and 40 hours, and the 
data m Table III represent the growth response to the addition of ii-leucme 
In order to have a common basis for the comparison of the utfiization of the 
leucme peptides, the concentration levels at which they were tested were 
such that the amount of leucme they could yield on complete hydrolysis fell 
withm the range of the leucme concentrations given m Tables II and III 
The relative growth-promotmg activity of each leucme derivative could 
then be expressed as per cent of that to be expected if all the leucme m the 
compound were available for growth In Table IV, the values for the “per 
cent leucme activity” are given as averages of duplicate determmations 
when these agreed withm reasonable limits It v ill be noted that, in tv o 
cases, such agreement was not obtamed 

The data presented m Table show that ah of the peptides of n-leucme 
which were tested served as growth factors for the tv o organisms emplo3"ed 
in these studies It will be noted, howe\ er, that even at 72 hours utihzation 
m the case of most of the peptides was less than that expected if all of the 
peptide-bound leucme were available for growth Moreover, there vas 
found appreciable vanation m the response of the two organisms to mdmd- 
ual peptides such as glycyl-L-leucme Although certam of the peptides, 
e g , L-leucylglyc34glycme, produced a similar growth response relative to 

’ A sunilar result was obtained with the leucinclcss mutant of Escherichia colt 
(Sinunonds, S , and Fruton, J S , unpublished experiments) 
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Table II 


Acid Production hij Lactic Acid Bacteria in Presence of Leucine 


Leucine preparation added to basal 
medium 

Amount per tube* 

0 1 N acid formed per tube after 72 brs 

Laclohactllus 1 

arabinosns 

Streptococcus 

faccalts 


T 

cc 

CC 

L-Leucinef 

0 

0 2 

0 3 


20 

3 4 

2 4 


40 

6 2 

4 5 


60 

8 4 

6 4 


80 

10 4 

7 4 


100 

12 6 

8 0 

“ + D-lcucinet 

0 

0 2 

0 2 


20 

3 3 

2 3 


40 

6 0 

4 4 


60 

8 3 

6 2 


SO 

10 1 

7 2 


100 

12 2 

8 1 

DL LcucineJ 

0 

0 2 

0 3 


20 

3 6 

2 1 


40 

6 2 

4 3 


60 

8 4 

6 1 


80 

10 6 

7 1 


100 

12 6 

7 9 

“ § 

0 

0 1 

0 2 


20 

0 8 

0 8 


40 

1 8 

1 7 


60 

3 2 

2 6 


80 

4 1 

3 4 


100 

4 9 

4 4 


* Refers to amount of L-lcucinc added 
t Obtained through the courtesy of Dr William H Stein 
J Merck preparation 
? Eastman picparation. 


Table III 


Growth of Lactic Acid Bacteria in Presence of Leucine 


Amount of t leucine 
per tube 

Galvanometer reading 

Lactobacillus arabinosus | 

Streptococcus faecahs 


16 hrs 

40 hrs 

10 hrs 

40 hra 

7 





0 

94 

93 

98 

94 


S3 

73 

88 

S3 

40 

74 

66 

80 

74 

60 

64 

42 

' 72 

66 

SO 

58 

36 

65 

58 

100 

51 

1 

1 32 

61 

51 
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the leucine standard at 16, 40, and 72 hours, in the case of other peptides, 
notably L-leucyl-ii-tyrosme and digl 3 ’-c 3 d-L-leucjdglycme, the time of mcuba- 
tion was an important factor m determining the extent of bacterial growth 
These findmgs mdicate that the growth-promoting activity of L-leucme 
peptides depends upon the position of the leucme res due with respect to the 
other amino acid residues, as well as upon the nature of the other ammo 
acid residues Furthermore, these results support the view that the rate of 

Table IV 

Effect of Leucine Denialivcs on Growth of Lactic icid Bacteria 


Grovth Promoting actnityf 


Compoond* 

Lacfohccillus arabinosus 

1 

1 Streptococcus faecalts 

16 hrs 

40 hrs 

72 hrs 

16 hrs 

40 hrs 

1 

72 hrs 


Per cent 

per cent 

Per cent 

per cent 

per cent 

per cent 

L-Leucylglycme 

55 

51 

54 

63 

76 

80 

n-Leuc} Igl} cine 


1 5 

2 


2 2 

2 

N-Methj 1-DL-leuc} Iglycine 





1 


L-Leucj Iglycj Igl} cine 

63 

6G 

76 

58 

62 

57 

n-Leuej Iglycj Iglj cine 


1 8 

1 5 


2 


L-Leucj 1-L-tyrosine 

71 

86 

102 

92 

106 

93 

L-Loucmamide acetate 

13,34 

27 

47 

3 5 

13 

13 

D-Leucinanude “ 







Glycjl-L-leucmc 

103 

99 

102 

63 

66 

72 

Glyc}l-D-leucme 





1 7 


Digl} cj 1-L-leucjlgl} cine 


22 

58 

52 

66 

74 

Tnglj c} 1-L-leuc} Iglj cinef 


36 

62 




Carbobenzoxyglj c}l-L-leucine 


18,42 

68 




Acetj 1-L-leucine 



6 




Acetyldehj droleucme 




i 



Acetj Idehydroleucjlgl} cme 







4cetyldeh} droleucinamide 








* The bibliographic references to the preparation of these compounds arc given 
by Simmonds el of (7) 

t Expressed as per cent of that to be expected if all the leucine in the compound 
were available for growth The blank indicates that no growth was noted at an} 
eoncerflration level tested 

JThis substance was not tested vnth Streptococcus faecalis 


enzjmatic hj^diolysis of these peptides pla 3 rs a significant role m their utih- 
zation bj microorganisms 

In agreement ivith the icsults obtamed vnth the leucineless mutant of 
Escherichia coli, the peptides contaimng n-leucme were uniformlj’’ inactiv e, 
regardless of the organism used, time of incubation, or peptide concentra- 
tion It is worth} of note that the leucme dernatnes n-leucmamide and 
carbobenzoxyglycjd-L-leucme are utilized by LaclobaciUus arabinosus, and 
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only the first of these substances is at all effective for Streptococcus faecahs 
In this connection, it should be of inteiest to compare the ammo- and car- 
boxypeptidase activity of these two oigamsms Leucine derivatives such 
as N-methyl-DL-leucylglycine, acetyldehydroleucme, acetyldehydroleucyl- 
glycme, and acetyldehydroleucmamide were inactive for both oigamsms, 
and only shght activity was noted for acetyl-L-leucme m the case of Laclo- 
bacillxis aiabinosus 

"Sirepogemri’^ Activity of Peptides — Sprince and Woolley have called 
attention (14) to the presence, in liver extracts and m partial hydrolysates 
of casein, of a peptide (strepogemn) which favors the growth of Lactobacillus 
casei, and Woolley has reported furthei (9) that a mixture of the diastereo- 


Table V 

Slrepogemri Activity of Various Materials 



j 1 


Galvinomctcr reading' 


Component 

j Amount 
per 10 cc 

Lacto 
bacillus ' 
arabt 
itosus 

Lacto- 

bactUus 

casei 

Leucouos 

toe 

mesen 

teroides 

Strepto- 

coccus 

faecahs 


ms 





Basal medium 

1 





“ ‘ 4- livci fraction L 












-f L-sciylglycyl-L-glu- 






tamicacid 






Basal medium + i -seryl-L-alan 3 'l-n- 

10 


100 



glutamic acid 



1 




* Readings made with Evelyn photoelectric colorimeter aftci 18 hours incubation 
at 37° , inoculum dilution 1 60 Umnoculated control tubes n ere used as blanks for 
setting the galvanometer at 100 


isomeric n- and L-sciylglycyl-L-glutamic acids has stiepogemn activity In 
the couise of the piesent investigation, L-seiylglycyl-L-glutamic acid was 
s3’’ntliesized by tiie leaction of caibobenzox 5 '’-L-ser 3 dgIycmazide with L-glu- 
tamic acid diethyl ester, followed by the saponification of the caibobengoxy- 
tupeptide ester and the removal of the caibobenzoxy group by catalytic 
h3 drogenation with palladium black In addition, L-seryl-L-alan3d-L-glu- 
tamic acid was made by an analogous piocedure 

Befoie testmg the activity of these and othei peptides foi stiepogenm 
actmty, it appeared desiiable to detennme whethei only Lactobacillus casei 
required strepogenm for giovi;h The data m Table V show that, of the 
four oigamsms tested, only L casei and Leiiconostoc mesenteroides P-60 

* A detailed description of the synthesis of these tnpeptides will be presented in a 
separate commumcation 
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require a source of strepogenm, since liver fraction L® did not affect appre- 
ciably the growth of L arabinosus or Streptococcus faecahs 
It will be noted from Table V that n-seiylglycyl-L-glutamic acid exhibits 
a shght but unmistakable growth-promotmg activity for LacfobacUlus casei 
This confirms, m a quahtative sense, the result reported by Woolley Smce 
1 mg of the tnpeptide was equivalent m activity to about 0 5 mg of the 
hver fraction, it is clear that the latter must contam a substance which is 
considerably more active than the synthetic tnpeptide It may be added 
that the closely related n-seryl-n-alanyl-ir-glutamic acid was inactive under 
the conditions of our assay, as were a-n-glutamyl-L-glutamic acid, a-L- 
glutamylglycylglycme, diglycyl-a-ir-glutamylglycme, and glycyl-a-L-glu- 
tamyl-L-tyrosine 

The authors wish to express their thanks to Miss Barbara Ilhngworth for 
valuable assistance m the course of this mvestigation 

STJMMABY 

Experiments on the utilization of vanous peptides of L-leucme by Laclo- 
hacUlus arabinosus and Streptococcus faecahs have shown that the growth- 
promotmg activity of such peptides depends on the position of the leucme 
residue with respect to the other ammo acid residues, the nature of the other 
ammo acids, and the time of mcubation 
The strepogenm activity of i>Eeiylglycyl-L-gIutamic acid for Lactobacillus 
easel, reported by Woolley, has been confirmed 
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Since the formulation of the lipide theorj’- of anesthesia (1) there has been 
some interest in the solubilities of a anous volatile anesthetics in the brain 
(2-6) Unfortunately the results obtained %n viio have been equivocal and 
inexact because of the techmcal difficulties of obtaimng and analyzmg 
■without loss samples of brain contammg volatile gas Even the studies on 
solubility in viiro, on vhich the theory vns largely based, vere made on 
peanut, olive, or similar oils rather than on brain lipides Our attention 
■vras drawn to the problem of the solubility of gases m brain m the course of 
the development of a method for measurement of cerebral blood flov bj 
means of the blood-bram exchange of an mert gas, nitrous oxide (7) It 
can be shown that cerebral blood flow may be calculated from the artenal 
(A) and cerebral venous (TO blood nitrous oxide concentrations oi er a tune 
mtenml (u) measured from the onset of inhalation of a comparatively low 
tension of mtrous oxide The interval u must be of sufficient length to 
insure practically complete equilibnum between bram and blood dr ainin g 
the bram ■with respect to mean nitrous oxide tension If the results are to 
be expressed m flow per unit weight of bram rather than m terms of flow 
per imit of mtrous oxide capacity, a factor (S) must be mtroduced, repre- 
sentmg the bram-blood partition coefficient of mtrous oxide or the ratio of 
mtrous oxide dissolved per gm of bram to that dissolved per cc of blood at 
a constant nitrous oxide tension and at 37° The formula for calculation 
of cerebral blood floi\', which is denved elsewhere ma}' be ex-pressed as 
follows 

VuS 

Cerebral blood flow = — ;; 

I (A - V)dl 
Jo 

* The expenses of this investigation were defrajed in part from funds granted bj 
the Committee on Research in Dementia Precox, founded bj the Supreme Council, 
33° Scottish Rite, Northern Masonic Jurisdiction, United States of America, and in 
part by the Life Insurance IMedical Research Fund 

t National Research Council Fellow in Anesthcsiologj 
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In order to make possible the calculation of absolute values it was neces- 
sary to ei aluate the partition coefficient (S) and the minimum time (v) for 
equilibrium between the biain and its venous blood This was attempted 
by means of both in viti o and in vivo techniques 

Methods 

Determination of Nitrous Oxide Solubilities in Blood and Brain in Vitw — 
Freshly shed, hepaimized whole blood is used as such The brain, however, 
IS too viscid for convenient handling, a repiesentative sample of about 10 
gm IS accuiately weighed and homogenized with exactly 5 cc of distilled 
A^^ater m a Potter glass homogenizei (8) The homogenate is pressed 
through coaise gauze to icmove small shreds of connective tissue and trans- 
feiied to a 50 cc glass syiingc in vhich equihbiation vath nitious oxide is 
to occur All an is expelled fiom the synnge which is then filled ivith pure 
nitrous oxide aftei seveial flushings A\uth the same gas The tip of the 
syrmge is immediately closed by means of a sealed needle hub and 
the syimge containing the nitious oxide and blood or brain homogenate is 
rotated sloivly in a water bath mamtamed at 37° It is important to make 
sure frequently that the plunger of the synnge is fiee to move in the barrel 
to compensate foi temperatuie-mduced volume changes and that the 
syringe is not moie than a cm below the surface of the water of the bath 
At inteiwals of 15 minutes the synnge is removed fiom the bath, the gas is 
expelled, and fresh nitious oxide added foi three such fluslungs Equihbra- 
tion IS then allowed to proceed foi anothei hour At the end of that time, 
mth the syringe held vertically in the bath, the gas is entirely expelled and 
the cap replaced The syringe may now be removed from the bath and 
part of its contents analyzed for nitrous oxide as follows, aftei which the 
remaindei may be leequihbrated 5 diops of caprylic alcohol plus 3 cc of 
distilled watei aie extracted for 3 minutes in the 50 cc chambei of a Van 
Slyke-Neill manometric apparatus, then expelled as completely as possible, 
1 cc of mcicurj'- in addition being peimitted to use into the cup The 
water and capiylic alcohol aie removed fiom the surface of the mercury in 
the cup A stout capillaiy tube of about 2 mm bore and a cm longer than 
the depth of the cup on the manometiic apparatus is now secuiely fastened 
to the tip of the synnge by means of a shoit length of heavy plastic tubmg 
The free end of this capillaiy tube, which is somewhat tapeied to resemble 
the tip of an Ostwald-Van Slyke pipette, is fitted with a lubber tip for seal- 
ing against the bottom of the cup The contents of the syringe aie caiefully 
expressed to this tip and a little excess is expelled The capillary is then 
held leitically, its rubber tip pressed agamst the bottom of the cup, and, 
against a slight positive inessuie of meicuiy in the manometiic appaiatus, 
the contents of the syimge, by piessure on the plunger, are carefully foiced 
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into the chamber, stopping accurately at the 2 cc mark The stop-cock at 
the top of the chamber is now closed, the cup emptied, and the mercurj’’ m 
the chamber brought doivn to the 50 cc mark 6 cc of deaerated ox 3 ’’gen 
absorber (KOH-h 3 ’^drosulfite-anthraqumone reagent employed m blood 
oxygen anal 3 ^ses (9)) are now added to the cup and the Ion er 5 cc admitted 
to the chamber in several quick additions to n ash the 2 cc volume clean 
The upper cock is sealed mth mercury and the contents of the chamber are 
extracted for about 5 minutes The hquid is then permitted to rise 
smoothly to the 2 cc mark and pressure and temperature readmgs are taken 
Extraction at 50 cc is repeated for 5 mmute periods until the pressure read- 
ing (corrected for any temperature change) remams constant for three 
successive determinations Nitrous oxide concentration is calculated as 
follons 

\o\ % N 2 O = /n.olra — (ro -f Ctj-)! 

where = the manometnc readmg for the sample and ro = the manomet" 
nc readmg for the blank This is run once for each senes of analyses, and 
consists m deaeratmg 3 cc of distilled water, expelhng on] 3 ’’ 1 cc , and 
treating the 2 cc left m the chamber as if it w ere a sample to be analyzed 
C„ = the correction for change m ivater vapor correspondmg to any tem- 
perature change betw^een the blank and the sample for analysis = 
[la — to) Apa where ta = the temperature of the sample analysis and to = 
the temperature of the blank analysis Apu, ~ the change m w'ater vapor 
tension correspondmg to 1° of temperature change m the temperature re- 
gion of the analysis /^JO = the manometnc factor for N 2 O calculated 
from a factor ^ of 1 03 (Orcutt and Waters (10)) and values of 0 507 and 
0 438 for the a! of the analysis mixture at 20° and 30° respectivel 3 '’ 

The Bunsen solubilit 3 '’ coefficient (a) is calculated from the N 2 O concen- 
tration in xolume per cent m the blood or homogenate as follows 

_ NtO^ol % 760 

" ~ 100 ^ B - T„ 

w'here B = the barometne pressure and = water vapor tension at 37° 
In the case of the bram homogenate the a obtamed above is for the bram- 
w ater mixture as a whole, but since the a for w ater can be detemuned, and 
the relative quantities of bram and w^ater are known, the solubilit 3 of ni- 
trous oxide per gm of bram can readil 3 ’' be calculated 



where oj, or*, a^, = the Bunsen coefficients for 1 gm of bram, 1 cc of 
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homogenate, 1 cc of distilled water respectively, all at 37° Wb = the 
weight of the brain sample, Vw — the volume of water, and 1 05 = the 
specific giavity of biam 

Delenmnahon of Brain and Cerebial Venous Nibous Oxide Concentra- 
tions in Vivo — These studies were peifoimed on dogs anesthetized with 
sodium pentobaibital A T-tube, attached to mspnatoiy and evpiratoiy 
flutter valves thiough which gas mivtuies could be admmistered mthout 
rebreathmg, was introduced into the tiaehea The skull was tiephmed 
through the occipital piotubeiance and a threaded brass cannula was 
screived mto the skull, tappmg the toicular Heiophili (confluence of the 
smuses) A solution of hepaim vas used m this cannula to prevent clot- 
ting A piehminary period of inhalation of 100 per cent oxygen for 1 hour 
insured piactically complete denitiogenation of the brain The animal 
was then permitted to breathe a mixtuie of 40 per cent nitrous oxide and 60 
pel cent oxygen At a vaiiable time aftei the beginnmg of nitrous oxide 
inhalation a sample of ceiebral venous blood was collected anaerobicallv 
from the cannula m the torculai and immediately theieafter the animal was 
sacrificed by passage of an electiic cuiient thiough the thoiax, a proceduie 
which produced mstantaneous ventiiculai fibiillation The scalp and 
muscles were quicldy lemoved fiom the cranium and two holes 1 mch m 
diameter were made by means of a tiephme on opposite sides of the skull 
just above the zygomatic aich, with care not to cut completely thiough the 
bone The head was then lemoved and immeised m a bath of watei 
thiough which a fine spraj'' of 40 per cent nitrous oxide-60 per cent oxygen 
had been passmg foi about 30 mmutes Undei the suiface of this bath, the 
tiephme holes veie completed and the buttons of bone removed The 
diua was then cut and a sample of biain was taken anaeiobically by means 
of the followmg teclmique It was found possible to peiform all of these 
opeiations from the saciifice of the animal to removal of the biam sample 
in about 10 minutes, the biam bemg exposed to the watei bath for only 30 
seconds 

The biam samplei (Fig 1) is simply a 10 cc all-glass syrmge m which the 
end of the ban el has been cut off and the rim beveled to a fair cutting edge 
This end may be closed by means of a snugly fittmg rubber stoppei through 
the centei of vhich passes a stout capillaiy tube of 2 mm boie, extendmg 8 
cm bej ond the mbbei tube and ending in a beveled and tapeied tip This 
lube must fit the stoppei tightly enough to lesist bemg forced up oi doivn m 
it The entile unit fits mto a metal holdei which secuies the stoppei against 
the open end and peiniits the plungei to be forced doivn the length of the 
ban el by means of a screw-thread, foicing a fine coid of biam tissue from 
the capillary tip To obtain a sample of brain, the S 3 ’’rmge is immersed m 
the V ater bath and the plunger worked back and forth until it moves very 
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freely It is then pushed down just beyond the cutting edge of the barrel 
This IS now pressed against the brain and, with a slightly twisting motion, 
forced through the tissue, lea^mg the plunger free to move out as it is dis- 
placed by brain I^Tien the cutting edge reaches the other side of the bram, 
it IS closed by means of the rubber stopper and capillary tube At this 
pomt pressure is applied agamst the pltmger and some of the bram forced 
dovn the capillaiy to the tip In this manner it is possible anaerobicallj'’ 



Fig 1 The modified glass syringe used in obtaimng samples of brain anaero- 
bically 



Pio 2 The ratio of the nitrous oxide contents of brain and cerebral venous blood 
plotted semilogarithmically against the time of exposure of the brain before sampling 
X, samples obtained uhen the bath was equilibrated with 100 per cent 0-, • , when 
equilibration was effected wuth the NiO tension breathed by the animal 

to obtain a satisfactory 6 to 8 cc sample of bram, representing both gra}’’ 
and white matter, sealed wuthm a sjumge 
The brain sampler was then removed from the bath, fastened into its 
holder, and an analysis for mtrous oxide earned out on 2 cc samples by the 
analytical technique desenbed above for blood and bram homogenate 
Samples of torcular blood obtamed at the time the animal was sacrificed 
w ere also anal 3 ’'zed for mtrous oxide by the same techmque The purpose 
of the w'ater bath equihbrated wnth a tension of nitrous oxide eqmx alent 
to that mhaled by the ammal is to mimmize the loss of this gas from the 
bram in the brief time of exposure as the sample is being taken This pre- 
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caution uas found to be necessary by preliminary e\peiunents m which 
simply denitrogenated uater was used as the bath (Fig 2) It was found 
that there was a significant loss of mtrous oxide from the bram ivith time, 
if successive samples were taken after the duia ivas cut T\Qien water 
equilibrated inth 40 pei cent nitrous oxide was used, hoivevei, it may he 
seen that this loss of nitious oxide fiom the brain was pievented It is 
uorthy of note that in the eaihei trials, in which loss occuired, if an ex- 
ponential extrapolation is made to tune of exposuie = 0 the values obtained 
are comparable to those in which loss is actually prevented 

Table I 


Sohihihty of Nitrous Oxide in Dog and Human Whole Blood* 


Dog 

]^Ian 

1 

Animal Xo 

“NO (per cc blood) 

Red blood cell hematocrit 

1 37° 

“ NjO (per cc blood) 



per cent 


9 

[ 0 419 

28 8 

0 400 

11 

0 419 

34 2 

0 408 

12 

0 433 

41 0 

0 410 

13 

0 421 

44 0 

0 414 

14 1 

15 

0 435 

0 421 

51 5 

1 

0 425 

Mean 

0 425 

1 

0 412 

s r 

0 003 

! 

0 004 


» blood) = the number of cc of NcO (reduced to s t p ) dissolved 

bi 1 cc of blood when equilibrated at n nitrous oxide tension of 760 mm 


Results 

Soluhxhtij of Nxlious Oxide in Blood and Diain in Vitio — The Bunsen 
solubiiitj coenicicnt (Table I) for nitious oxide in dog blood at 37° as detei- 
mmed bj tint, technique u as 0 42o (standaid erior = 0 003) , this coefficient 
for huimn blood uas 0 412 (standard erroi = 0 004) In the lattei case a 
definite coirclation may be noted between the propoition of led cells m the 
blood and the solubility of nitrous oxide in it This was found to be the 
cast for nitrogen by ^hn Slj'kc, Dillon, and Maigaria (11) We found that 
the blood of a lei-} anemic and a polycythemic individual vaiied fiom the 
mean bj onl^ 3 per cent The values for a obtained by us m blood agiee 
veil \Mth the i alue of 0 41G found by Orcutt and Seevers (12) The solu- 
bilitj of nitrous oxide in brain, howex er, has not hitherto been investigated 
Wo found identical lalucs foi the whole bram of dog (0 437 ± 0 008) and 
of man (0 437 db 0 005), the former studied immediately after sacrifice, the 
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latter obtained m autopsj' specimens 4 to 24 hours after death from a 
lanet} of diseases (Table II) From these values for blood andbrammboth 
species a brain-blood partition coefficient of 1 03 and 1 06 maj' be calcu- 

Table II 

Sohibjhtij of Ntlrons Oxide in Dog and Human Whole Brain* 


Dos 

Man 

Animal No 

1 

“ N*0 (per fpn 
brain) | 

Patient 

Condition 

37® 

^ NjO (per gm 
brain) 

8 

Km 


Depressive psychosis 

0 428 

0 



Nephritis 

0 434 

11 

0 430 

S F 

Apoplexy 

0 437 

12 

0 420 

M Me 

Cardiac failure 

0 425 

13 

0 45S 

R C 

Paresis 

0 438 

14 

0 455 

C H 

Arteriosclerosis 

0 432 

15 

0 4M 

J J 

Hypertension 

0 464 

Mean 

■K 



0 437 

S E 




0 005 


* “NjO fP®*" E™ of brain) = the number of cc of N.O (reduced to s t p ) dissolved 
by 1 gm of brain when equilibrated at 37® at a nitrous oxide tension of 760 mm 



MINUTES OF INHALATION 

Fig 3 The rate of equilibration of nitrous oxide between brain and cerebral 
venous blood in invo 


lated foi dog and man respectively, representmg the ratio of the quantity of 
nitrous oxide dissolved in 1 gm of brain to that m 1 cc of blood when both 
are at the same tension 
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Parlilion Coefficient in Vivo for Dog and Rale of Eqmlibi ation heliieen 
Brain and Ceiehral Venous Blood — In Fig 3 are presented the data on the 
nitrous o^ide content of brain and cerebral venous blood obtained simul- 
taneously at times varymg from 2 imnutes to 2 hours aftei the onset of 
inhalation of the 40 per cent nitious oxide mLxture It is seen that in the 
carl} penod the bram has not come to equihbiium but that after about 10 
minutes equihbnum is apparentl}’- established between biam and the blood 
draining the brain and that the ratio of tlie nitious oxide content m the two 
phases remains unaltered up to 2 houis The value for this bram-blood 
ratio in the five expenments ivith equihbiation times from 8 6 to 13 3 
minutes (0 970 =t 0 OOS) is not significantly different from that in the six 
cxpciimcnts m u Inch equilibration time was 20 minutes to 2 houis (0 975 ± 
0 011) It IS therefore possible to conclude that equihbiation between 
brain and its lenous diamage inth respect to nitrous oxide tension is 
complete uithin 10 minutes, uhich is therefore the value of w m the equa- 
tion for cerebral blood flow The value for the brain-blood ratio of nitrous 


Table III 

Brain-Blood Parlilton Coefficient (S) of Nitrous Oxide in Dog and Man 


Tcclmifiue 

Species 

s 

Stindsrd error 

In I tiro 

Dog 

n 


II II 

Man 

■IH 


“ 1 11 0 , S-lO nun cquilibrnlion 

Dog 

0 970 


“ “ 20 nun to2hrs equilibration 

ri 




oxide concentrations at equihbnum (0 975) is the in vivo partition coeffi- 
cient and agrees closcl} uith the value for this constant obtained from in 
iilro equilibration (1 03 for the dog) (Table III) 

DISCUSSION 

\n exact i aliic for the solubility of nitrous oxide m the living human 
iiriiri IS of course not directly obtainable, although prehminaiy experi- 
niriits in this laborator} haie indicated that such values for radioactive 
ga^cs are capable of direct estimation Nitrous oxide solubility has, how- 
e\er, been measured in samples of human brain obtained at autopsy We 
haie demonstrated furthermore that this solubility in human brain tissue 
l^ ukntical vith that in dog brain after death vhich, in turn, is remarkably 
( lo'C to the solubilit} m the Ining brain of that animal It is, theiefore, 
\ or} hkoh tliat the same is true for man and that the solubility constant 
obtained in iilro is applicable to the In mg state The experimentally 
detcnnincd i allies for the brain-blood partition coefficient of nitrous oxide 
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he on either side of and only slightly removed from unity and it seems 
fair to accept this value as a best approvimation The identity of 
the values found in dog and man speak for the dependence of this co- 
efficient onlj' on gross ph 3 "sicochemical constitution, which vanes withm 
extreme^ narrov limits despite major pathological changes (13-15) 
The small dei lations found m the studies on brains from patients dymg 
of a variety of diseases are further evidence for the constancy of this par- 
tition coefficient m different patients and divers pathological states This 
X alue of unit}' for the partition coefficient is less than the value of 1 3 
tentatix ely accepted on the basis of a few prehmmaiy measurements (7) 
The numerous refinements m technique herein reported have undoubtedly 
jnelded a more accurate evaluation of this constant 

In xucv of the high lipide content of bram tissue and the more than 3- 
fold greater solubility of nitrous oxide m common fats and oils ox’^er that 
in xxater or blood, it is suipnsmg that the solubihty of this gas m bram 
IS not significantly greater than its blood solubihty In fact m txvo de- 
terminations on XX hite matter (which has txxuce the lipide content of cortex) 
the nitrous oxide solubihty xxas found to be xxnthm the range of that m 
whole bram (0 427 and 0 468) These findmgs are, however, not xvithout 
precedent In fact the majonty of mvestigators xxffio have studied, by 
somexxhat cruder techniques, the contents m bram and blood of x’^anous 
volatile anesthetics have amved at similar conclusions (2-6) Expecmlly 
notexx orthj'- are the studies of Campbell and Hill (16) xvho found the mtro- 
gen content of the xxhole bram at the usual atmospheric tensions to be 1 08 
volumes per cent, not significantly different from the blood nitrogen con- 
tent, yet these workers found the solubihty of mtrogen m adipose tissue to 
be 5 tunes its solubihty m blood The conclusion is mescapable that bram 
lipides do not behax^e as do the usual fats and oils or even adipose tissue 
m their capacity for nitrous oxide and probably other gases This does not 
necessarily vitiate the lipide theory of anesthesia, xvhose proponents may 
still reasonably ascnbe a preferential absorption of volatile anesthetics to 
certam important lipides m the surface layers of nerve cells, even though 
the bulk of the hpides of central nervous tissue is mdifferent to these gases 

The authors xxish to acknowledge the cooperation of Dr Helena E Riggs, 
neuropathologist of the Philadelphia General Hospital, through whom the 
human bram samples were obtamed 

SUM5IART 

1 Techniques are descnbed for the determmation of the solubihty of 
gases m bram in vtiro and in mw 

2 The Bunsen coefficient expressed as cc of nitrous oxide (converted 
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to standard temperature and pressure) dissolved by 1 gm of brain when 
equilibrated at a nitrous o\ide tension of 760 mm and 37° equals 0 437 ± 
0 OOS and 0 437 ± 0 005 for the mixed biam of dog and man respectively 
3 The biam-blood pai tition coefficient foi nitrous oxide at 37°, expiessed 
ab the solubility per gm of biain divided by the solubility pei cc of blood, 
vas found to be 1 03 and 1 06 for dog and man ^n vitro, lespectnely, and 

0 98 foi the dog in mvo 

1 Aftei appioximately 10 mmutes of inhalation of a constant tension 
of nitious oxide there is complete equilibiium m the dog between biain and 
cciebral venous blood vith respect to nitrous oxide tension 

5 The pertmence of these deteimmations to a method foi measuiement 

01 cerebral blood flow in man and to the lipide theory of anesthesia is 
discussed 
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Kogl (1, 2) has concluded that t4\o forms of biotm exist m natuie The 
first of these, a-biotin, was isolated from egg yolk by Kogl and Tonnis (3), 
and the second, /S-biotm, was isolated from hver and imlk by du Vigneaud 
and associates (4-6), and more recently from h\ er by Kogl and ten Ham 
(1) Kogl based his conclusion on differences m the physical, chemical, 
and biological properties of the isolated compounds There appears to 
be no doubt about the structure of the /S-biotm, as this compound has been 
synthesized repeatedl}' and is now an article of commerce While Kogl 
proposed a structural formula (7) for the so called a-biotm, he has not 
synthesized it Mehnlle (8), m his renew, questions the conclusion that 
the tw 0 isolated biotms are different compounds 
One of the pomts of difference reported by Kogl was the response of 
yeast to the two compounds Kogl and ten Ham (1, 2) reported that the 
actmty of /S-biotm ii as approximately tmce that of a-biotm when tested 
by the “Rasse M” strain of yeast Du Vigneaud and coworkers (4, 9) 
reported that a sample of a-biotin which thej’" received from Professor 
Kogl had less than 50 per cent of the activity that their crj^stalhne prepara- 
tion from hver had for yeast, Rhizobium trifohi, and Clostridium iiUyltcum 
They pomted out, however, that this difference should not be stressed, 
smce the Kogl sample might have suffered loss m potency, or might have 
been impure Later rension of the meltmg pomt to a higher figure by Kogl 
and Pons (10) suggests that the eailier samples of a-biotm were not pure 
In view of these differences and smce we had a sample of Kogl’s biotm, it 
seemed worth while to compare the activity of the two compounds for a 
number of microorgamsms to see what light such tests might throw on the 
problem. 


EXPERIMENTAL 

Microbiological Assays — ^The organisms used were Lactobacillus casci, 
Amencan Type Culture Collection, No 7469, L pentosus 124-2, Saccharo- 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station This work was supported in part bj the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation 
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nnjccs ccrevisiac Y-30, Closlndium acetohuiyhcum S-9, and Neiirospora crassa 
1-A Bild 

The stock cultures of the lactobacilh were carried, inocula were prepared, 
and the procedure nas earned out as desenbed previously (11) The 
medium of Shull and Peterson (12) was used for L caset The medium for 
L pentosiis 124-2 contained, per hter, 10 gm of glucose, 10 gm of sodium 
acetate, acid-hydrolyzed casern equivalent to 5 gm of casern, 0 1 gm of 
L-ej'stme, 0 025 gm of DL-tryptophan, 0 02 gm of adenme sulfate, 0 25 
rag of nboflavin, 0 5 mg of calcium pantothenate, 2 5 mg of nicotime acid, 
0 25 mg of p-ammobenzoic acid, and 5 ml each of Salt Solutions A and 
B(ll) 

Saccharomyces cerevisiae was earned as a slant on the same medium as 
that foi the lactobacilh The inoculum was prepared by tiansfernng from 
the slant to 10 ml of the assaj'- medium contaming 1 my of biotm After 
18 to 24 hours growth the culture was centrifuged and the cells were resus- 
pended m 10 ml of sterile water 1 drop of this suspension was used as 
inoculum for each flask 

The yeast assays were made m 50 ml Erlenmeyer flasks The medium 
contained, per hter, 10 gm of glucose, 6 gm of NH4HiP04, 1 gm of 
KII2PO4, 1 gm of aspaiagme, 1 gm of sodium citrate, 0 25 gm of 
jMgS04 7II1O, 4 mg of thiamine, 4 mg of calcium pantothenate, 4 mg of 
pj ndo\mc, 4 rag of nicotinic acid, 100 mg of inositol, and 1 0 ml of the 
salt solution (0 2 gm of MnS04, 0 2 gm of FeS04 THnO, and 0 1 gm of 
CuCh 211 jO per liter) ^ The final volume in the flasks was 10 ml Aftei 
inoculation the flasks were incubated at 30° on a leciprocatmg slialcer 
making 90 strokes per mmutc w’hicli had a stroke distance of 10 cm At 
the end of IG houis the flasks w'ero compaied by reading light tiansmission 
m an IS X 150 mm tube in an Eveljm photoelectric colorimeter noth a 
ObO mu filter 

The inoculum for the Closlndtum acclobutyhcum assays was prepared by 
tiansfci fiom a soil spore stock to a 5 per cent com mash medium Wlien 
this cultuic was actively gassing, usually after about 24 hours, transfer w'as 
made to a sjnthclic medium described m an earlier paper (13) contaming 
5 m-) of biolm After 18 hours, another transfer was made to another tube 
of ^jnlhclic medium, this time contammg only 1 mv of biotm This 
cultuic w as used as an inoculum when it was actively gassmg, usually aftei 
12 to IS hours, 1 drop to each tube 

The assa>s were conducted as m the method of Lampen and Peterson 
(13) for the assaj of p-ammobcnzoic acid, except that 0 1 pel cent sodium 
(luoglj colalc w as cmploj cd instead of reduced iron and sodium hydrosulfite 
The tubes wcio read at IS hours m an E^eIyn photoelectric colonmeter 
with a OGO m;x filter 

‘ Olson, B II , unpublisliQcl data 
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The inoculum for the Neurospora crassa assays was that descnbed by 
Stokes et al (14) Approximately 3 sq mm of spores from a slant con- 
sisting of 2 per cent agar, 0 2 per cent Difco yeast extract, and 0 2 per cent 
Difco malt extract, u ere suspended m 10 ml of sterile water, and 1 drop of 
this suspension was used as the moculum 
The assa 3 's uere run m the medium of Horomtz and Beadle (15) uith 
10 ml of medium m 50 ml Erlemneyer flasks The mycehum was har- 
X ested after 5 da 3 ’-s mcubation at 30° The pads w ere pressed out on filter 
paper, dned 12 hours at 90°, and weighed to the nearest 0 5 mg 
The sample of biotm methyl ester was recened from Professor Kogl as 


Table I 

Comparalive Aclitnty of KSgl’s BioUn and Synlheltc dl-Biolin 



LcciahactUus ^ LcdclactUut pen 

Sacckarom^ces 

Clostridium acelo - 1 

1 A cuTosPora 


' casn 7469 j 

loTUX 124-2 

Y 30 

huhUeum S 9 j 

crassa i 

A Tnid 

Biotin per 10 ml • 

Aadfly ml 0 1 n 

liaOH per 10 ml j 

j readings, 660 mix filter 

Mg m> cclium 
per 10 ml 


Mt j 

nt 

SI 

K 

si 

k 

SI 

K 

M 

K 

my 

j 










0 

2 1 

2 1 

0 8 

0 8 

96 

96 

97 

97 

8 

8 

0 1 1 

3 6 

3 5 

2 9 

2 8 

78 

80 

86 

88 

11 

10 

0 2 

4 9 

4 8 

4 8 

4 6 

61 

65 

79 

80 

18 

16 5 

0 3 




1 

50 

60 



21 5 

20 5 

0 4 

7 6 

7 2 

7 8 

7 3 



1 




0 5 



1 


34 

35 

70 

70 

31 

29 

0 6 

10 1 

9 9 

9 0 

9 3 

1 






1 0 



10 1 

9 8 





52 

53 

Comparative 

activity 

100 

90-96 

jlOO 

( 


100 

90-94 

100 

90-93 

100 

90-96 


* The Kogl sample was corrected for 25 per cent impuntj , the amounts of syn- 
thetic dt-biotin represent only the d isomer 

t K , K6gl sample, M , Merck synthetic dt-biotin 


a stenhzed solution m 1940, and since that time has been kept in the refng- 
erator m a sealed ampule at a concentration of 1 y per ml m 50 per cent 
methyl alcohol Smce this sample was recen^ed before the question of the 
two forms of biotin had arisen (1, 2), it is presumably the a t 3 qie In his 
. letter accompan 3 Tng the sample. Professor Kogl stated that the biotm con- 
tained about 25 per cent impunt 3 ’-, and hence a 25 per cent correction has 
been applied in calculation of the amounts used The methyl ester was 
h3'^drolyzed to the free acid before use The /3-biotm used was crystaUme 
synthetic dkbiotm from Merck and Company, Inc It has been shown 
(16) that only d-biotin has microbiological activity 
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Results 

Tabic I sbo^^s the compaiative activities of the two biotins for five 
microorganisms The activity of the Kogl biotin (which had been coi- 
rected for the 25 per cent impunty) was consistently from 90 to 96 per cent 
that of d-biotm (no activity for the I isomer being assumed) Du 
Yigneaud and cowoihers (4, 9) have likewase reported the same lelahvc 
actn itj for thiee microorganisms 

On the basis of these data two alternative assumptions may be made 
The first is that the tw o compounds are identical, and hence have the same 
chemical and microbiological properties The second is that the two 
biotms are chemically different, but elicit the same microbiological response 
Some precedent for the latter view' is found in the equal activity of biotm 
and oxj'biotin foi Ladohaalhis arahinosus 17-5 (17-19) and L pentosus 
124-2- However, o\ybiotin is less potent than biotin foi seveial other 
organisms, c g 3 east (18-20) and L caset (17-20) It is theiefore haidly 
to be expected that, if the two biotins aie not the same compound, they 
would have identical activities for five miciooiganisms as diverse as one 
anaerobic and two lactic acid bacteria, a j'east, and a mold The micio- 
biological data then lend support to the view that the two biotins are 
identical rather than different compounds 

SUMMARI 

The activitj ratio of Kogl’s a-biotin to Si'nthetic dZ-biotm (/3-biotin) foi 
each of five microorganisms has been detei mined In all cases Kogl’s 
a-biotm was found to possess 90 to 96 pei cent of the activity of the sjm- 
thctic (//-biotm, assuming only c/-biotm is actnc 
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THIAMINE AND THE CYANOGEN BROMIDE 
REACTION* 

Bt ARTHUR B TEERI 

(From the Chemteal Laboratory of the Agricultural Experiment Station, 
University of New Hampshire, Durham) 

(Received for publication, January 12, 1948) 

Most chemical methods for the determmation of mcotimc acid mvolve 
reaction with cyanogen bromide and an aromatic amme (1) or amm onia 
buffer (2) In some cases (3-10) heat is apphed to the mcotimc acid-cyano- 
gen bromide reaction mixture Dunng the course of mvestigations mvolv- 
mguse of this reaction, it was found that thiarmne, under certam conditions, 
also produces a colored compound with the reagent The importance of this 
fact IS appreciated when one considers that m general such determinations 
are earned out with the assumption that mcotimc acid is the only substance 
present which, with cyanogen bromide, will produce a colored compound 
measurable at the specific wave-length designated Obviously, the presence 
of any other compound possessmg this property could affect the accuracy of 
a mcotimc acid assay Thiarmne apparently is such a substance, smee in- 
vestigation has revealed that this vitamm, if present m relatively high con- 
centration, does produce a colored compound with cyanogen bromide when 
the reaction is earned out at an elevated temperature 

In studymg the effect of thiamme on the cyanogen bromide reaction, the 
general procedure previously recorded for the determination of mcotimc 
acid (1) has been followed with respect to sample volume, cyanogen bromide 
reagent, buffer, and, when used, the amme reagent (m-phenylenedia- 
mine) In all colonmetnc measurements a lOett-Summerson photoelec- 
tne colorimeter was employed Smee it was noted that addition of the 
aromatic amine was not required for the color to be produced by mteraction 
of thiamme and cyanogen bromide, a study nas made of the reaction with- 
out use of the amine To accomplish this, 10 ml samples of the thiamme 
solution plus 5 ml of a buffer of pH 6 6 were heated on a steam plate for 
10 mmutes with 5 ml of a 4 per cent aqueous solution of cj-'anogen bromide 
Colonmetnc readmgs (440 my) were made at varjung times after removal 
from the steam plate Table I presents the results so obtamed From 
these data it is apparent that the reaction between thiamme and cyanogen 

* Published with the permission of the Director as Scientific Contribution Xo 119 
of the New Hampshire Agricultural Experiment Station 
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bromide is slow but that, given sufficient tune, it is complete and the color 
developed is proportional to the amount of thiamme taken The high con- 
centration of thiamme required, howevei, makes the reaction impracti- 
cable as a general assay proceduie for this vitamm 
The production of color by thiamme m the presence of cyanogen bromide 
IS not dependent upon the presence of an aromatic amme Therefore, any 
cyanogen bromide-nicotmic acid assay procediue m which heat is employed 
might be subject to mterfeience by the presence of a high concentration of 


Table I 


Delci iinnalions with Pure Thiamme Solutions 


rhiimine m 
sample 

Density scale readings at sarying times after remos-al from steam plate 

15 min 

30 mm 

45 mm 

1 hr 

2 hrs 

3 brs 

m{ ter ml 







0 00 

0 

0 

0 

0 

0 

0 

0 05 

4G 

50 

52 

65 

57 

57 

0 10 

70 

80 

82 

go 

105 

110 

0 15 

105 

120 

125 

135 

168 

165 

0 20 

140 

168 

166 

ISO 

210 

220 


Table II 

Determination of Nicotinic Acid in Presence of Thiamine 
' of nicotinic acid in 10 iril of sample 


lliiarame added 

Density scale readmg ^ 

1 Apparent recovery of nicotmic acid 

ms ter 


7 

per cent 

0 00 

130 



0 00 

130 



0 05 

150 1 

57 7 

116 4 

0 10 

176 1 

67 3 

134 6 

0 15 

200 

76 9 

163 8 

0 20 

222 

85 4 

170 8 


hiamme Such an effect is seen m Table II In obtammg these data, the 
cMous procedme (1), mcludmg use of w-phenylenediamme, was fol- 
lucd with the exception that the reaction mixture was heated (45-50°) 
for 5 minutes after addition of the cyanogen biomide and then placed at 
room tcmpciatuic for 15 ramutes before the aiomatic amme was added 
He \tiug w IS limited to 5 minutes, since further heating destroys the color 
produced bi nicotmic acid, and since it is the maximum tune employed m 
most procedures which include this step The temperature was consider- 
abl\ lower than that used m methods requirmg heat and serves to show that 
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for color production with thiamme the heat treatment does not need to be 
extreme It is ob\ious from the data of Table II that under these condi- 
tions a nicotmic acid assa}', m the presence of a high thiamme concentra- 
tion, would be subject to error Apparentb^ however, the reaction with 
thiamme is so slow that no enor is involved in determmations m which 
the cyanogen bromide reaction is earned out at room temperature 

SUlUMAKy 

Thiamme, imder certain conditions, produces inth cjmnogen bromide a 
colored compound measurable at the wave-lengths commonl}’’ employed 
for the quantitative determination of mcotmic acid Smee production of 
this colored compoimd results when the thiamme concentration is rela- 
tnel}' high and when the cyanogen bromide reaction is earned out at an 
ele\ated temperature, a potential analytical hazard exists m those mco- 
tmic acid assay procedures m w hieh heat as apphed to the reaction mixture 
Although mterference by mcotmic acid can easily be overcome by pro- 
longmg the time of heatmg, utihzation of this reaction for the quantitative 
determmation of thiamme does not appear to be generally practicable be- 
cause of the high concentration of thiamme reqiured 
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A PHOTOMETRIC METHOD FOR THE DETERMINATION 
OF FREE PENTOSES IN ANIMAL TISSUES* 

Bt JOSEPH H ROE and EUGENE W RICE 

(From Ihc Dcparlmcnt of Btochcmtslry, School of Medicine, George Washington 
UniicTsily, Washington) 

(Recencd for publication, December 6, 1947) 

Most of the micromethods for the determination of pentoses in tissues 
are based upon the formation of furfural and the reaction of the latter com- 
pound -mth such reagents as aniline (1), benzidme (2), \yhchne (3), or or- 
cmol (4) The furfural is formed m these methods usually bj*' heatmg the 
unkncmi in a fairly concentrated solution of strong mmeral acid at temper- 
atures rangmg from 100-175° The drastic conditions used m these 
methods produce furfural not only from pentoses and pentosans but also from 
other carboh} drates, glucuronic acid (1), and ascorbic acid (5) Methods 
mvolvmg such severe conditions are thus highly non-specific for free pen- 
toses in tissue e\"tracts 

We have de\ eloped a method for the determmation of free pentose m ani- 
mal tissues after the administration of pentose The basis of our procedure 
IS the reaction of p-bromoanihne acetate mth furfural The reaction is 
earned out at 70°, an adaptation that obtains a high degree of specificity 

Acetic acid m a concentration of approximately 83 per cent vas found to 
be more favorable for the conditions of our procedure than strong mmeral 
acids It vras observed that an mterfenng bronm color is produced v hen 
an acetic acid solution of amhne nuxed ivith tissue filtrate is heated This 
brown color is due to the presence of oxidation products of amlme A study 
of amhne denvatives showed that the p-bromo-substituted compoimd is 
more resistant to the formation of the mterfenng colored products than is 
amlme, hence the use of p-bromoanilme was adopted 

Another improvement of great importance was the addition of an anti- 
oxidant, thiourea, to the color-producmg reagent The reagent finally de- 
veloped consists of 2 per cent p-bromoanilme m glacial acetic acid saturated 
with thiourea 

The problem of preparmg tissue extracts not conta inin g objectionable 
amounts of mterfenng substances was solved by usmg Somogyi’s depro- 
temizmg reagents (6), barium hydroxide and zme sulfate The Somogju 
reagents jneld filtrates essentially free from combmed pentose compounds 
from which small amounts of furfural would be formed by heatmg with our 

* Supported by a grant from the Division of Research Grants and Fellowships of 
the National Institute of Health, United States Public Health Service 
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color-producing reagent These filtrates, however, contam some inter- 
fering substances, such as glucuronic acid and glucose Interfexence from 
such substances is avoided by preparmg a tissue extract of 1 20 dilution or 
greater With 1 20 filtiates of muscle, bram, kidney, spleen, blood, and 
hide of the fasted rabbit, practically no color is obtamed by our procedure 
Houeier, mth liver filtrates of a 1 20 dilution a color is obtained vliich 
amounts to about 6 mg of apparent pentose pei 100 gm of tissue 
Glycogen m liver filtiates does not yield mterfermg color but produces tur- 
bidity This objection is not serious, as experimental woik is usuall}'- ear- 
ned out on fasted anunals 


Table I 

Interference Observed xvtth Axiihors' Method and xvtlh Orctnol Reagent at 70° 


Color produced by 0 1 mg P nbose per cc 


( oinpound 

Authors’ method, mg pcrcc 

Orcinol rcTgcnt at 70°, mg 
per cc 


01 

10 

01 j 

10 


Per cent 

per cent 

per cent 

per cent 

Glucose 

1 0 

8 5 

6 1 

8 9 

Fructose 

0 0 

0 0 

7 1 

127 0* 

Ascorbic acid 

0 0 

0 0 

C 5 

42 3 

Dchjdroiscorbic acid 

0 0 

2 1 

0 8 

34 2 

Na glucuronatc 

0 0 

2 4 

5 4 

53 5 

Galactose 

4 0 

21 G 1 

1 6 

5 3 

bucrosc 

0 5 

1 0 

3 9 

1 43 5 

Maltose 

0 0 

0 0 

6 5 

8 3 

Lactose 

0 0 

1 8 

2 6 

3 3 

Soluble starch 

0 0 

0 0 

1 5 1 

5 7 

GljcoKen 

0 0 

0 8 

27 6 

32 2 

Gum arable 

5 2 

22 2 

39 5 

114 0 


* '^nhitinn bccrimo turbid 


M 0 lound tlie orcinol le iction of Bial less satisfactory for the determina- 
tion of pcnto=:o', than the reaction inth p-bromoaniline as developed by us 
W hen the oitinol reagent is mixed with test mateiial and boiled at 100° for 
.) to 20 minulob, as recommended by different authors (4, 7), the interfer- 
ence from non-pentose material is \erj great Even under the mild con- 
ditions of out jiroccdure the oicinol reagent gives considerable interference 
from non-]ientoso substances, ns shown in Table I The data of Table I 
uete obt lined bj mixing 1 cc of unknowTi solution with 5 cc of leagent, 
v uming in a water bath at 70° for 10 minutes, and cooling promptly to 
room temperature The orcinol reagent was essentially the same as that 
used In Mcjbaum (1), hlihtrcr (7), and others It consisted of a mixture 
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of 1 volume of 1 per cent aqueous orcmol, 0 1 voUitne of 10 per cent FeCIj 
solution, and 4 volumes of concentrated HCl, freshly prepared The data 
show that greater mterference results with the modified orcmol method 
than with the authors’ procedure 

Technique of New Method 

Reagents — 

1 ■p-Bromoamlinc reagent Thiourea is added to glacial acetic acid m 
excess of the amount that will dissolve Approximately 4 gm of thioiuea 
per 100 cc of acetic acid are used Decant 100 cc of acetic acid saturated 
with thiourea and dissolve 2 gm of pure p-bromoaiulme (Eastman Kodak 
Company) m it Keep the p-bromoandme reagent m a dark glass bottle 
and prepare about once weekly 

2 Somogyi deproieimzing reagents (6) 5 per cent solution of ZnSO^ - 

7H;0 and 0 3 N banum hydroxide solution are prepared These reagents 
must neutrahze each other precisely, volume for volume, when titration 
IS performed with phenolphthalem as mdicator 

3 Sugar standard A stock solution of pentose is made up by dissolvmg 
reagent grade sugar m saturated benzoic acid solution A workmg stand- 
ard contairung 0 1 mg per cc is prepared by dilutmg the stock solution with 
saturated benzoic acid 


Procedure 

The filtrate of the tissue is made with an expected concentration of 0 01 
to 0 2 mg per cc The following procedure is used for a 1 20 dilution 
Place m a Wanng blendor, or a mortar, a convement quantity of tissue 
Add 15 volumes of water and homogenize until a thoroughly dispersed mix- 
ture 13 obtamed Add 2 volumes of 0 3 N banum hydroxide and mix thor- 
oughly Now add without delay 2 volumes of 5 per cent ZnS 04 THzO and 
mix thoroughly Filter 

Place 1 cc of filtrate m each of two photoelectnc colorimeter tubes In 
each of two similar tubes place 1 cc of standard pentose solution cont aining 
0 1 mg per cc To each of the tubes add 5 cc of the p-bromoanilme reagent 
and mix thoroughly Place one tube contammg the standard solution and 
one tube with the unknown filtrate m a water bath at 70°, keepmg a stand- 
ard and an unknown tube to serve as unheated blanks Keep the tubes 
m the water bath for 10 nunutes, then remove, and cool m r unnin g water 
until the tubes have reached room temperature Set the tubes m the dark 
for 70 mmutes, then read m a photoelectnc colorimeter, usmg a 520 m;i fil- 
ter The unheated tubes are used as blanks for adjustmg the colorimeter 
Take the readmgs and calculate the unknown m terms of the pentose stand- 
ard used 
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Table II 

Agreement with Beer’s Law 



Photometric density, i = 2 — log G 


i>-Arabinosc j 

D-Ribosc 

D Xjlose 

7 per cc 

100 

0 3660 

0 3980 

0 4410 

50 

0 1821 

0 2007 

0 2255 

25 

0 0908 

0 1051 

0 1142 

12 5 

0 0452 

0 0537 

0 0555 

0 25 

0 0218 

0 0252 

0 0298 



1 in 1 M)=!orption cuncs of the chromogen formed by interaction of p-bromoani- 
linc react nt with the following Curve 1, furfural, Curve 2, D-\ylosc, Curve 3, 
I) irabiiio^-f \ Coleman spectrophotometer, model 10-S, was used 

DISCUSSION 

The proportionaUtv of color obtained in tins method is in excellent agree- 
ment witii Beer’s law Tins is shown by the data of Table II for D-arabi- 








J H ROB AND B W RICE 


511 


nose, D-nbose, and D-xylose Readmgs were made with the Evelyn photo- 
electric colorimeter 

The color obtamed m this procedure reaches a maximum m approxi- 
mately 60 mmutes and remains constant for about 30 mmutes at tempera- 
tures of 20-25°, then fades slowly It is more stable at lower tempera- 
tures We found it to keep constant m mtensity for 48 hours m a 
refngerator at 8° This color fades slowl}’- upon exposure to hght 
In view of the effect of temperature and light upon the mtensity and 
stability of this color, we recommend that a standard solution of pentose be 
used for color comparison instead of attemptmg to standardize conditions 
so that cahbration curves may be made The use of a smgle standard is 

Table III 


Experiments Showing Recovery of Pentoses Added to Animal Tissues 


Tissue 

Sugar 

Amount added 

Recovery 

Liver 

u-Arabinose 

mt perim 

1 0 

per cent 

93 6 

Kidney 

CC 

1 0 

98 2 

ft 

tt 

0 02 

96 0 

Muscle 

tt 

0 02 

101 5 


D -Xylose 

1 0 

99 3 

Brain 

D-Arabinose 

2 0 

101 8 

it 

D-Xylose 

0 02 

94 6 

Blood 

D-Arabinose 

1 0 

98 5 

(( 

CC 

0 02 

106 5 

Intestine and contents 

CC 

1 0 

101 8 

if tt tt 

tt 

0 02 

101 3 

Unne 

tt 

0 02 

103 8 


satisfactory because of the excellent agreement of the color mtensity with 
Beer’s law 

The absorption curves of Fig 1 offer good proof that the color obtamed 
m the procedure reported is due to the formation of furfural and the re- 
action of the latter with p-bromoanilme acetate 
The recovenes obtamed when pentoses were added to animal tissues are 
shown m Table III 

In this procediue only about 9 per cent of the available furfural appears 
to be hberated m 10 mmutes at 70° Approximately 4 times as mtense a 
color is produced by heatmg at 100° for 5 mmutes One may therefore 
make this procedure more sensitive by heatmg the reaction mixture to a 
higher temperature This is madvisable, however, except m analyses of 
materials free from other furfural precursors 
This method has been successfully used m studies of the metabohc fate 
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of D-arabmose, L-arabmose, and D-xjdose m the rabbit which will be re- 
ported later 


SUMMARY 

A method for the deteimmation of fiee pentoses m animal tissues has 
been developed The method is based upon the formation of furfural from 
pentose in 83 per cent acetic acid contammg thiourea at 70° and the reac- 
tion of the fuifural vith p-bromoamlme acetate to form a pmk-coloied 
product 
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A STUDY OF THE CON^TERSION OF ISOTOPIC NICOTINIC 
ACID TO N*-]\'IETHYLNIC0TINA]\1IDE 

Bt JAMES M HUNDLEY and HOWARD W BOND 
(From the Dtitston of Phy'tiology , National InstiliUe of Health, Bethesdn, Maryland) 

(Recei\ed for publication, December 15, 1947) 

On the basis of fluorometric estimations, N^-methylnicotinamide chloride 
(NilN) has been reported to be one of the principal unnary excretion 
products of nicotinic acid m man (1-5), dogs (6), pigs (7), rats (8, 9), and 
cotton-rats (10) Huff and Perlzweig (2) have isolated this substance from 
unne after feeding large doses of mcotinamide to man 
In addition it has been reported that the mgestion of tryptophan results 
m an mcreased excretion of NMN (9, 11-13), mdicatmg that this compound 
may have at least tv o dietary precursors 
As a preliminarj’’ to other expenments deahng with the conversion of 
tryptophan to NMN, it was necessary to pro\ e the conversion of mcotmic 
acid to NMN This has been done by using an isotope tracer technique 
Our results indicate that nearly all of the unnary NMN comes from the 
mgested nicotmic acid under the conditions employed 

EXPERIMENTAL 

Synthesis of Labeled NicoUmc Acid — ^Nicotmic acid^ contammg C*’ m the 
carboxyl position was synthesized* accordmg to the method of Murray, 
Foreman, and Langham (14) The final product melted at 227 5-229° 
(uncorrected) and contained 0 81 per cent excess correspondmg to an 
excess of 4 86 per cent C*’ m the carboxyl group Commercial nicotinic 
acid (Merck) was used as the control material 
Feeding of Labeled Nicotinic Acid — ^Eight male rats, veighmg an average 
of 339 gm each, had been maintamed for several months on a mcotmic acid- 
free diet consistmg of casern 12, L-cystine 0 15, sucrose 81, cottonseed oil 3, 
salts 4 (15), and the usual vitamins (16) On this diet rats excrete a negli- 
gible amount of NMN (16) 

1 gm of the labeled mcotmic acid was added to 1 kilo of the above ration 
, and fed until completely consumed Urmes were collected daily under 
toluene and kept at 4° durmg the 14 day collection period 
Other Methods — ^Estimations of NMN were made by the method of Huff 

'■ The 0“ was donated through the courtesy of Dr Sidnej Weinhouse, Houdry 
Brocess Corporation, Marcus Hook, Pennsylvania 

* Kindlj sjnthesized for us by Dr Wright Langham, I os Alamos Scientific Labora- 
torj , Santa Ee, New Mexico 
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CONVERSION OF NICOTINIC ACID 


and Pe^lz^\elg (17) Spectrophotometnc determinations^ were made on a 
Beckman spectrophotometei All isotope determinations were made on 
the Consolidated mass spectrometer of the National Bureau of Standards •’ 
Samples vere prepared for anatysis bj'’ clu omic-siilfuric acid oxidation 
NhlN V as extracted and purified fiom the uime accoiding to the method of 
IIulT and Peilzneig (2) unth certain modifications as indicated 

Results 

5450 ml of uiine (including funnel washings) contained 681 mg of NMN 
as determined by fluoi ometric assay, equivalent to a 48 6 pei cent return of 
the ingested nicotinic acid 

The NMN nas extracted as lecommended by Huff and Perlzneig except 
that absolute methanol was used m place of 95 pei cent ethanol, and 25 
per cent sodium chloride vas used foi the peimutit elutions Aftei the 
cluatc had been freed of sodium chloride, assay indicated that it con- 
tained 286 mg of NMN The piciate was foimed in 95 per cent ethanol 
and allov cd to ciystalhze in the cold Aftci removal of the free picric acid 
the cr^'stals were separated into two portions by fractional cr 3 ’’stallization 
from 05 per cent ethanol One fraction was only sparingly soluble and 
consisted of small iiregulaily shaped crystals which became suspended very 
loadily in the alcohol These crj’-stals melted at 227° (uncoriectcd) and 
lane not been complete^ identified The second fraction dissolved moie 
icadily in boiling alcohol and crystallized in flat yellow leaflets, oi wdien 
c n stalhzcd from more dilute solutions m short prismatic bais The melt- 
ing point after repeated recrj^stallizations was 189-189 5° (uncorrected) 
ind showed no depression when mixed wnth NMN piciate prepared from 
sjnthotic NMN,^ the melting point of wluch was 189 5° (uncoiiected) 
The melting point of the picratc of nicotinic acid (recrystalhzed one time) 
w.ts 217° (uncorrected), indicating that the isolated picrate contained little, 
if am , nicotinic acid 

When rats, diet, and extraction procedures w'ere employed as described 
ibo\e, NMN piciate was isolated after feeding normal nicotinic acid for 
tompaiison with the tagged samples and to guard against any natural 
uolopc ^hift A picrate having the same crystalline structure and melting 
lioint aa the tagged compound was obtained 
Aliquots of the %aiious puuficd picrate samples were then treated to 
obtain the free NMN The proceduie used by Huff and Peilziveig (2) w^as 
follow od except that ether saturated w ith w atei w as used instead of abso- 
lute ether to minimize loss in the water phase Wlien crj'stalhzed from a 

’Uc wi*-!! to thank Dr George \ Ilottlc for performing these determinations 
' l\e wisli to thank Dr Fred Mohler and his staff for doing these analyses for us 
- \\ k Ta\lor and Compan\ , Inc , Baltimore, Marjland 
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Tninim iim amount of boiling absolute ethanol, tlTiical rosettes were ob- 
tained ^^^len crj'stallized from more dilute solutions, the crj’^stals 
appeared as pnsmatic bars 

The free compounds w ere exammed spectrophotometncall 3 ’-, all showmg 
identical absorption peaks at 2650 A ivith no evidence of a maximum at 
2600 A characteristic of nicotmamide Further, tv hen the compounds tv ere 
compared Tvith one another and to S3Tithetic NhlN as a standard, each 
sample appeared to be 100 per cent pure withm the hnuts of error of weigh- 
mg the 2 mg samples used Fluorometnc assaj's of the vanous samples 
also indicated approximate!}^ 100 per cent punty as compared to s}Tithetic 
NhlN 

Melting pomts and isotope analyses are indicated in Table I It is evi- 


Table I 

Isotope Analyses and Melting Points of Free Compounds Obtained from Picrates 


N Inicolinamidc 

1 Jip 

(uncoTTcclcd) 

Tempera 

1 tore of 
dccom 
position 

Excess C» 


i 

°c 

per cent 

Tagged 

[ 230-230 5t 

233 

4-0 664t ± 0 005 

Normal 

233 

233 5 

+0 013 ± 0 003 

Synthetics 

230-230 5 

233 

-0 002 ± 0 003 


* CO. from dry ice serv ed as the standard for all analyses The figures giT en are 
the average of at least twelve repeated measurements, the plus-minus figures repre- 
senting the average deviation from the mean 

t Huff and Perlzweig (2) give 233-234° (uncorrected) as the melting point of HMN 
t This corresponds to 4 64 per cent excess C'* in the carboxyl group as compared 
to the original 4 86 per cent excess C“ 

§ Obtained from the picrate of commercial KMN with the same procedure as was 
used with the tagged and normal samples 

dent from the isotope analyses that the concentration of in the NhlN 
isolated from urme was almost as great as in the mcotmic acid fed \\Tien 
aUowance vv as made for the fact that KMX contams 1 more carbon atom 
than does mcotmic acid, the tagged KMN had 95 7 ±07 per cent of the 
ongmal concentration, a dilution of only 4 3 per cent 
No estimates of total }ueld from the extraction procedures were made, 
smee only the purest portions of the picrate fractions were subsequently 
converted to the free NMN 


DISCUSSION 

It seems clear from the data reported that mcotmic acid is a piecursor 
for urmary NMN Smee only 4 3 per cent of the NMN was not tagged, 
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it IS evident that very little came from sources other than the ingested 
nicotinic acid under the conditions of this experiment 

The 4 3 per cent normal NMN found could have come fiom two souices 
(1) the nicotinic acid and related compounds present in the rats at the start 
of the feeding period and (2) NMN synthesized fiom tryptophan oi othei 
sources during the feeding period 

Since the whole caicass content of nicotmic acid has been determmed m 
rats (18), it lias estimated that these rats contamed a maximum of 89 mg 
of nicotinic acid® and related compounds Assuming that the body stoies 
of nicotinic acid iiere completely replaced by the ingested nicotinic acid, 
and assuming further that the same peicentage of this nicotinic acid was 
recovered in the form of Nj\ 1N as the observed percentage of recovery fiom 
the ingested nicotinic acid (48 per cent), one would expect 59 8 mg of the 
681 mg of NMN (8 8 per cent) originally piesent in the mine to be untagged 
This is more than sufficient to account for the observed dilution (4 3 pei 
cent) 

Hence it seems likely that theie was no appreciable synthesis of nico- 
tinic acid from tiyptophan oi othei souices in this expeiiment However, 
since the level of nicotinic acid fed w as at least 50 times the physiological!}’’ 
required amount on this diet (16), it might be expected that nicotinic acid 
syntlicsis from souices such as tryptophan would have been inhibited per- 
haps follou ing the lau of mass action 

Tlicso data liave not been interpreted to indicate that lats cannot S 3 ’’ii- 
thesize nicotinic acid fiom trjTitophan There is abundant evidence on 
.1 non-isotopc basis that they can do so iindei pioper ciicumstances (9, 11, 
10 ) 


SUMMAKY 

Hats fed large .imounts of carboxyl-labeled nicotinic acid excieted N*- 
mctlu Imcotmamido chloiidc which contained 95 7 per cent of the oiiginal 
conccntuition of C’’’, indicating that nicotinic acid is a precursor for N*- 
nictli} Inicotinamidc 

Under the conditions of this expeiiment, lats excieted little, if any, 
\'-mctlixinicotinamide fiom ‘^oiuces othei than the ingested nicotinic 
icid and tiie body stores 
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INHIBITION OF COUPLED PHOSPHORYLATION IN 
BRAIN HOMOGENATES BY FERROUS SULFATE* 

Bt E backer A^D I KRBISKY 

(From the DcpoTlment of Bacteriology, New Yorl Umiersity College 
of Medicine, New Yorl) 

(Received for publication, December 20, 1947) 

Prevaous studies hat e shown a marked effect of purified preparations of 
certam neurotropic viruses and of iron salts on glycol3'sis of mouse brain 
homogenates Colorimetric determmations of the iron content of purified 
and n ell dialj zed preparations of the Theder FA stram of mouse encepha- 
lomj'ehtis virus gave values for iron correspondmg to the mhibitory action 
of these virus preparations on glycolysis (1) 

Experiments with mtermediary metabohtes of glucose breakdouTi pointed 
to an impairment of the phosphoiylatmg steps leadmg to the formation of 
fructose-1, 6-diphosphate The addition of this latter compound to bram 
homogenate inactivated by ferrous sulfate resulted m a rapid rate of lactic 
acid production However, it was not possible to restore gtycolytic ac- 
tivity to the inactivated homogenate b}' addmg an excess of the enzymes 
hexokinase and phosphofructokinase which are known to catalyze the for- 
mation of fructose-1, 6-diphosphate A fraction prepared from rabbit 

muscle ("restormg factor”) which had no hexokmase or phosphofructo- 
kinase activity fully restored the activity to the iron-mactivated homogen- 
ate as well as to homogenates of mouse brams infected with the Theiler FA 
stram of mouse encephalomyehtis vims 
It IS the purpose of this paper to report evidence which mdicates that 
the restormg factor is identical with glyceraldehyde phosphate dehydro- 
genase (tnose phosphate dehydrogenase) The effect of the partial inac- 
tivation of this enzyme m the glycolj’^zmg brain homogenates by iron salts 
IS most apparent m the phosphoiylation reactions because the energy-rich 
phosphate which is derived from the oxidation of 3-phosphoglyceraldehyde 
becomes the limi ting factor m the formation of fmctose-1 , 6-diphosphate 
It will be shown that some mactivation of phosphofmetokmase also occurs 
m the presence of iron salts after prolonged mcubation at 37° 

Finally, a study was made of the factors m bram homogenates which, m 
the presence of iron salts, mactivate these two glycolytic enzymes 

Methods 

The methods used for the preparation of bram homogenate and of co- 
enzymes were described previously (1) Phosphocreatme was S5'nthesized 

* Aided by a grant from The National Foundation for Infantile Paralysis, Inc 
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as the calcium salt (2) and converted mto the potassium salt before use 
Glucose determmations M’ere made accordmg to the method of Nelson (3) 
Triose phosphate dehj drogenase n as deteimmed by the spectiophotometnc 
test described by Warburg and Cliristian (4) 

Results 

Effect of Fhionde and At senate on Inhibition Produced by Feirous Sul- 
fate — Instead of determmmg glycolytic activity by lactic acid production 

Table I 

Effect oj Polassuiin Ai senate, Potassium Fluoiidc, and DPN on Glucose 
Phosphorylation in Nounal and h on-Inacliialcd Brain Homogenates 
0 3 ml of brain homogenate in 0 01 m potassium phosphate, pH 7 4, 0 4 ml of 
0 03 M glucose and 0 1 ml of a solution containing 50 y of ferrous sulfate 7HjO per ml 
(0 1 ml of H-O in the controls) incubated for 20 minutes at 38°, then were added 0 1 
ml of 0 10 M KHCOa, 0 1 ml of 0 1 m ammonium phosphate, pH 7 6, 0 1 ml of 0 15 m 
potassium arsenate,* 0 1 ml of 0 07 m MgCl., 0 1 ml of 0 01 m ATP, 0 5 ml of 1 per 
cent phosphocreatinc, 0 1 ml of 4 per cent nicotinic acid amide (NAA),* 0 1 ml of 
0 7 per cent DPN,* and 0 1 ml of 0 6 m potassium fluoride,* final volume used 2 ml 
Incubation, 30 minutes at 3S° The determinations of glucose were made on the 
BafOH)* and ZnSOi filtrate 


Additions 

Glucoso disappearance alter 30 min 

[ Normal brain 
homogenates 

Iron inactnated 
brain homogenates 

Inhibition 


micromoles 

micromoles 

per cent 

None 

3 6 

2 9 

I9t 

KF 

4 8 

i ^ ^ 

lot 

NAA -b DPN -f KF 

7 3 

4 3 

41 

<< ^ <( 

8 0 

3 8 

53 

Arsenate -b NxVA -b DPN -b KF 

, 40 

3 9 

3 


* Added onij nlien indicated 

t Small amounts of DPN wore present in the freshl}' prepared brain homogenate 


ns Mas usually douc in inevious studies, glucose disappearance was followed 
bj chemical dcicimination of glucose after deproteinization by Ba(OH)j- 
ZnSO^ (3) Tims it uas possible to analyze effects of inhibitors with known 
modes of action Potassuun fluoiidc Mas used to inhibit enolase and po- 
tassium arsenate vas added to eliminate the energy -rich phosphate pro- 
duced by the oxidation of phosphoglyceraldehyde (4) Despite addition 
of an excess of phosphocreatme, optimal phosphorylation of glucose was 
not obtained in the absence of DPN (diphosphopyridme nucleotide) 
IMorco\cr, fcirous sulfate had little inhibitory effect under these conditions 
(Table I) When DPN was added, glucose phosphorylation W'as doubled 
in the normal brain homogenate but was without effect in the uon-inacti- 
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vated brain This lack of DPN effect in the inactivated brain was ob- 
sen^ed, both in the presence and absence of potassium fluoride Smee 
potassium fluoiidc blocks the foinaation of phosphop 3 a umc acid fiom phos- 
phoglj ceric acid, the onlj energ 5 Mich phosphate uhich can be obtamed 
under such expeiimental conditions is derived fiom the oxidation of phos- 
phoghceialdehjdc to phosphogljceiic acid This reaction is catalj'^zed bj^ 
the phosphogh ceraldehj'dc deh} drogenase (oxidizmg enz^ane) and re- 
quires the presence of DPX and inorganic phosphate 

Upon addition of arsenate uhich can leplace inorganic phosphate in this 
reaction, the production of energ^'-nch phosphate is avoided, u ithout inter- 
ference uath the oxidation of phosphogl^ ceraldeh 3 'de It can be seen from 

Table II 

Sltmulalton of Glucose Phosphorylation in Iron-Inachvalcd Brain Homogenates 
by Fructose-I ,b-dtphosphatc 

Brain homogenate and solutions as in Table I No addition of phosphocreatinc, 
potassium fluoride, or arsenate Preliminary incubation i\ith ferrous sulfate and 
glucose for 20 minutes at 38°, then for 60 minutes at 38° after addition of MgCl , 
\TP, DPX, X4A, and KHCO, 


Brain preparation 

Addition 

Glucose disappearance 

1 

Normal mouse brain homogenate I 
.Same -f 5 •>- ferrous sulfate 
“ -f 5 “ “ “ 

1 

Fructose-1,6 diphos- 
phate, 2 micromoles 

mcrcmolts 

13 8 

2 1 

6 4 


Table I that m the presence of potassium arsenate and potassium fluonde 
iron salts have no inhibitory effect even when DPN is present 
These experiments strongly point, therefore, to the glyceraldeh 3 '-de phos- 
phate deh 3 ’^drogenase as the locus of inhibition by iron salts 
Resloraiion of Glucose Phosphorylaiton to Iron-Inachvated Brain Homoge- 
naies — Inhibition of the tiiose phosphate-oxidizmg enzyme was, however, 
m apparent contradiction to previously obtamed results showmg rapid 
lactic acid production from fructose-1, 6-disphosphate m brams infected 
with the Theiler FA vunis or mactivated b 3 ’' iron salts 
The large amounts of fructose-1, 6-diphosphate uhich were added m 
these earlier experiments cannot be compared to the small quantities pre- 
sent m the course of glucose phosphorylation It was necessary, therefore, 
to test the effect of small amoimts of fructose-1 , 6-diphosphate on the dis- 
appearance of glucose It was found (Table II) that 2 micromoles of fruc- 
tose-1 , 6-diphosphate caused the disappearance of 4 to 5 micromoles of 
glucose m the homogenate, m addition to the 2 micromoles which are phos- 
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phorj lated m the absence of fructose-1 j6-diphosphate This effect of fruc- 
tosc-l,G-diphosphate on glucose phosphoiylation confiimed on the one 
liand the utilization of this substance in the inactivated brain and stressed 
on the other hand the impaiiment of the phosphoiylation mechanism in the 
presence of iron salts 

These thiee obseivations, namely the utilization of fiuctose-ljO-diphos- 
phate, the impairment m the activity of the tiiose phospliate-ovidizing 
enz> me, and the capacity of hexose diphosphate to stimulate glucose phos- 
phoiylation m the inactivated bram homogenate, led to the followmg work- 
ing hypothesis of the mechanism of the non salt or virus inhibition 

Production of eneigy-rich phosphate is the limitmg reaction in brain 
homogenates A partial inactivation of the coupled phosphorylation by 
the triose phosphate-oxidizmg enzjmie leads to a marked depression of the 
encrgy-iich phosphate supply which, in turn, results m impaired pioduction 
of hexose diphosphate If the oxidation of glycei aldehyde phosphate is 
not the limiting factoi, such a vicious circle could block effectively phos- 
]ihorylation of glucose without noticeably unpaiiing lactic acid pioduction 
fiom fiuctose-1 ,C)-diphosphate 

To lest this hjpothcsis the following expeiimental appioach was used 
(fi) Tlie tiiose phosphate-oxidizing enzj^me ivas piepared fiom yeast and 
fiom labbit muscle, and duiing the couise of puiification paiallel determi- 
nations of enzyme activity and measurements of lestoring capacity were 
m ide (b) The final pioduct of purification from labbit muscle which was 
ic(r>&talhzcd scvcial times was tested foi lestoimg capacity and foi inac- 
tivation bj the brain homogenates in the piesence of non (c) Attempts 
woic niiidc to icstoic to a laige extent glucose phosphoiylation bya supply 
of cncigy-nch pliospli'itc fiom a souico othei than oxidation of glycei alde- 
hyde phosphate 

Purificalwn of fllycn aldehyde Phosphate Dehydi ogenase fioin Yeast and 
Muscli — Ihiiification of the phosjihoglyceialdehyde-oxidizmg enzyme of 
^past was tamed out accoiding to the desciiption by'- Warburg and Chris- 
tian (4) All the fi actions of the purification pioceduie were tested foi gly- 
(cialdelitde phosphate dchydi ogenase activity spectiophotometncally, and 
foi prc'-tiKc of Ic^to^ng factoi by adding them to biain homogenates inac- 
ti\ ited be feu oils sulfate 

The det ufs of the puiihcation pioceduie need not be lepeated The fol- 
lowing obscrxations wcie made with the use of Fleischmann’s (bakers’) 
yc ist which was dried in thm layeis for 5 days at loom temperatuie 

Vjiinoximatcly 00 jici cent of the total activity of the phosphoglyceial- 
delnde delu drogen ise is piccipitated with 35 volumes per cent of acetone 
By further addition of acetone to 55 volumes pei cent, one-fourth of the 
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total activity can be recovered For further purifications only the first ace- 
tone precipitate was used 

The isoelectric precipitates were aU collected and tested because of obser- 
vations made by lileyerhof and Junowicz-Kocholaty (5) with American 
bakers’ jeast that a departure from the ongmal method was required In 
our axperience with Fleischmann’s (bakers’) yeast, the purification procedure 
of Warburg and Christian (4) can be follov ed without modification Most 
of the actmty remamed m the supernatant at pH 4 5 and was precipitated 

Table III 

Comparison of Glyceraldehyde Phosphate Dehydrogenase and Restoring Acliinly in 
Fractions from Balers’ Yeast Maceration Juice 

Determination of glyceraldehj de phosphate dehydrogenase activitj in the Beck- 
man spectrophotometer (4) Units are expressed as the change in densitj for the 
1st minute multiplied bj 1000 1 unit of restonng activity is expressed as the ca- 

pacitj to bring about 50 per cent restoration to an iron-inactivated brain 
homogenate 



G!>ceraldehyde phosphate 
deh>d}Dgeoase 

Restoring factor 

Units perm! 

Specific activ 
ity 

Units per ml 

Specific activ 
ity 

lat extract 

150,000 

2,400 

900 

14 

35% acetone ppt 

260,000 

6,000 

^Sm 

15 

50% “ “ 

112,000 

4,300 


13 

pH 4 5 ppt 

200,000 

8,000 



“45 Bupernatant 

42,000 

5,000 

120 

14 

Nucleic acid ppt 

560,000 

8,600 

1500 

23 

“ “ supernatant 

13,000 

4,300 

30 

10 

After heating* 

260,000 

30,000 

450 

54 


* The heating procedure was applied to the nucleic acid precipitate after removal 
of the nucleic acid by protamine sulfate 


upon addition of nucleic acid The nucleic acid was removed with prota- 
mme sulfate (Squibb) 

The restoring activity of the yeast fractions was measured by determinmg 
the amount required to give 50 per cent restoration to a bram homogenate 
mactivated imder standardized conditions A hnear relationship between 
per cent restoration and amounts added was established only for a narrow 
range m the neighborhood of 50 per cent restoration The actmty deter- 
mmation lacked accuracy unless measured m this range From Table III 
it IS apparent that fairly good agreement exists between the phosphoglycer- 
aldehyde dehydrogenase activity and the capacity to restore glycolysis to 
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the Hon-inactivated brain homogenate m all the fractions except for the 
first crude extiact, mIhcIi shoived a lelativelj’’ highei restormg capacity 

Phosphoglyceraldehyde dehydrogenase has been crj'’stallized fiom rabbit 
muscle by Con el al (6) bj’’ a simple and leproducible method The prod- 
uct obtamed by this method ivas reci 3 ''stallized six tunes and tested for re- 
storing actmty after it had been w^ell dialyzed and then diluted m the 
presence of cj’^steme It ■v\'’as found to be ver}’’ active m restoimg gtycoljdic 
actn ity to the iron-mactivated bram 

Duimg the purification piocedure a comparative study of the relatne 
triose phosphate dehychogcnase and lestoimg activity in fractions obtained 
from labbit muscle was not made because of the follow mg tw'o difficulties 
cncounteied wuth the muscle prepaiations (o) The spectiophotometiic de- 
teimination of the triose phosphate-oxidizmg enzjmie is not feasible wutli 
the crude extracts because of the piesence of laige quantities of a-gl^’^ceio- 
phosphate dehydiogenase which mteifeie wuth activity measuiements (b) 
A concentiation of 0 02 m ammonium sulfate inhibits gh’^cotysis almost 
completely, indicating a high sensitivitj’' of the brain homogenate to this 
salt This diffieultj’ was not fullj’’ appreciated m earliei expeiiments 

Effect of Biain Homogenate and lion Salts on Added Punfied Tnose Phos- 
phate-Oxidizing Enzyme — When a pieparation of a sux tunes leciystallized 
gljccialdchjde phosphate dehydiogenase fiom i abb it muscle is added to a 
brain homogciiato, it is lapidlv mactnated if non salts aie piesent Some 
mactivation, although at i slowei late, occuis in the absence of non salts 
Laigc quantities of the tnose jihosphate enzjTne had to be added to allow 
foi subsequent dilution in order to avoid mtcifeience bj’' the biain homoge- 
11 ite m the spccti ophotometi ic test In a tj pical experunent 0 1 ml of 
0 21 m glucose, o i of feiious sulfate, and a six tunes leciystallized piepara- 
tion of glj cci aldchj do phosphate dehydiogenase fiom rabbit muscle wme 
added to 0 3 ml of a fleshly piepaied biam homogenate and the mrxture 
incul) itcd at 3S° foi 15 minutes Foi the spectrophotometiic test, 0 05 ml 
of a 1 100 dilution of the muxtuie in a cysteme-pyiophosphate buffer of pH 
SO was ined The activitj of the diluted sample at zeio tune w'as 1000 
units jicr ml (with an expeiimcntal error of about 10 pei cent) After 45 
nimute-5 tlie 1 100 dilution of the iron-inactivated bram homogenate con- 
t lined onh 300 to 500 units, icprescntmg 50 to 70 pei cent mactivation, 
while the activity of the mixture containing normal bram homogenate was 
depressed by 20 to 30 pei cent Tliese findings are m good agreement wath 
the ol)',en itions on the o\ei-all glycnlji-ic activity which also falls off 
slowlv in the absence of added fenous sulfate when subjected to piolonged 
incubation at 3S° 

Restoration of Glycolytic Activity to Iron-Inaclivalcd Brain by Supply of 
Energy-Rich Phosphate — To prove commcmgly that m the mactivated 
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brain homogenate glyceraldehyde pliosphate is limiting solel3’’ because of its 
role in the synthesis of adenosine triphosphate (ATP), it was necessary to 
shoR that ATP from another soiu-cc could restore gl3'-colvTic activity equally 
veil Addition of ATP at short intervals has ilread3 been showm to have 
no restoring eficct (1) This vas not considered conclaswe because, as 
more ATP vas added to the bram homogenates, moie was destroyed ly the 
active ATPase (adenosine triphosphatase) present 

It was therefore necessar3 to provide ATP b3’- a continuous leaction from 
a store of energ3'--rich phosphate This was accomplished by the u=e of 

Tadlc IV 

Restoration of Glucose Phosphorylation in Iron-Inactiiatrd Brain Homogenates 
by Addition of Phosphocrcatine Enzyme, Phosphocreatine, 
and Potassium Fluonde 

Expenmenta! conditions as in Tabic I, except that DPN and nicotinic acid amide 
were added to all evpenmcntal tubes, and in the ("•penments specified 0 1 ml of 
12 m potassium fluonde was added 


Gluco erfi appearance after 30 mm 


Addition .1 

Normal brain homo* ^ 
senates 

Inactivated brain 
homo;;enatc3 

Inhibition 


micrmeU 

mKTomoU 

pcTc^nt 


None 

7 1 

1 0 

77 


KF + pliosphocroatinc 
+ phosphocreatine on ( 

8 2 

C 4 

22 


23 Tne 

Phosphocreatine enzyme 

6 5 

t 

1 6 

75 



phosphocreatine and an enz3mie from rabbit muscle which catalyzes the 
reaction 

Phosphocreatine + adenosine diphosphate — creatine adenosine triphosphate 

To obtain a vahd test, it was nece^saiy to purify this enzyme partially m 
order to free it of ATPase and tnose phosphate dehydrogenase activity 
A rabbit muscle extract was dialyzed against distilled water for 5 days and 
then was precipitated with acetone to remove ATPase activity The dned 
acetone powder was extracted woth cold water and the clear centrifuged 
solution fractionated with ammoniacal ammonium sulfate The fraction 
obtained at 40 per cent saturation was suitable for the metabolic studies, 
since it contained no or negligible amounts of ATPase and phosphoglycer- 
aldehyde dehydrogenase In Table IV the effect of the phosphocreatme 
enzyme on bram homogenate, inactivated by ferrous sulfate, is recorded 
Almost complete restoration of the activity was achieved by addition of the 







526 


PHOSPHORYLATION IN BRAIN HOMOGENATES 


phosphocreatme enzjrme, together ivith phosphocreatme and potassium 
fluoride hich was added to depress ATPase activity The enzjune vathout 
phosphocreatme v as Avithout effect, mdicatmg that it was free of triose 
phosphate dehydrogenase which restores activity m the absence of phos- 
phocreatine 

The high restoring capacity of glyceraldehyde phosphate dehydrogenase 
from yeast and muscle, the mactivation of this enzyme when added to hi am 
homogenate m the presence of ferrous sulfate, togethex with the capacity 
of ATP (when contmuously legenerated from phosphocieatme) to lestoie 
activity, leave little doubt that an impairment of the coupled phosphoryla- 
tion of the triose phosphate is the mam cause for the mliibitor}’’ effect of 
iron salts on glycolysis of bram homogenate 

Effect of Ferrous Sxilfatc on Phosphofructokinase — The complete restora- 
tion of gljmolysis by the addition of piuified glyceraldehyde phosphate de- 
hydrogenase pointed to a considerable degree of specificity of the mactivat- 
ing agent If present m large excess, other glimolytic enzymes could also 
have been mactivated under these conditions without affectmg the over-all 
rate of glycolysis, providing their activity was not lowered to the level of 
the pace-maker 

Earlier experiments on the localization of the inhibition in brain homo- 
genates of mice infected vith the Theiler FA virus of mouse encephalomye- 
litis indicated a slight but consistent mhibition of phosphofiuctokmase 
Addition of purified phosphofructokmase, however, consistentlj’' failed to 
icstoic glycol^dic activity after the inhibitory effect of ferrous sulfate had 
taken place Doubts as to the effectiveness of these phosphofructokmase 
picpaiations purified from labbit muscle weie removed by testing them on 
bram homogenates mactivated by mcubation at pH 6 3 foi 10 mmutes at 
37° This procedure has been shovm to mactivate phosphofructokmase m 
mouse bram homogenates (7) As is shoivn m Table V, the glycolytic 
actn ity of an acid-mactivatcd bram homogenate is fully lestoied upon addi- 
tion of phosphofructokmase The “restoring factor” had no effect under 
these conditions The effectiveness of phosphofructokmase m the acid- 
inactn ated bram on the one hand and its lack of restormg capacity m the 
iron-mactivatcd bram on the other hand stress the difference m the mecha- 
nism of inactivation undei these two conditions 

Although it was apparent from these results that the slight inactivation 
of phosphofructokmase obsen’’cd in iron-mactivated homogenates is not 
responsible for the inhibition of the over-all glycol 3 ’'sis, the effect of ferrous 
sulfate on phosphofructokmase was studied further in the hope of shedding 
more light on the mechanism of the iron salt effect 

The spcctrophotomctnc determmation of phosphofructokmase required 
the addition of a rabbit muscle fraction 'which contained restonng factor 
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Since, at the tune the experiments were carried out, the nature of the re- 
stormg factor was unknown, it was decided to measure the phosphofruc- 
tokinase actmty by a chemical method directlj' in the bram homogenate 
In the presence of potassium cj^amde, ATP, IMgCb, and an excess of aldolase 
(which was readily prepared free of restormg factor), the rate of tnose phos- 
phate formation was proportional to the amount of phosphofructokmase 
present This method followed closelj'’ a procedure described by Herbert 
el al (8) for measurmg aldolase actmty b 3 ’’ determmation of alkahne labile 
phosphate formed The conditions for the test were as follows The sub- 

C Table V 

Inhibition of Glycolysis in Brain Homogenates by Acid Treatment and by 
Addition of “Inactnating Factor" in Presence of Ferrous Sulfate 
^ and Cysteine 

Brain homogenate was “acid-treated” by adjusting the pH of the homogenate to 
6 3 with 0 01 ^ HCl , followed bj incubation in presence of glucose at 37°'for 10 imnutes 
and neutralization with 0 01 n KOH Phosphofructokmase, “restoring factor,” 
and “inactnating factor” were prepared as described preiiouslj (1) The inacti- 
vating factor was dialj zed for 3 days against 0 1 m potassium cyanide which was then 
remov ed by dialj sis against 0 08 vi KCl or distilled water for 3 daj s 


Experiment No 

Tusue preparation 

Lactic acid 
production 

InHbition 

1 

Brain homogenate 

■i 

fercenl 

2 

Acid-treated brain homogenate -f restor- 
ing factor 


98 

3 

As in Expenment 2 + phosphofructokmase 

2200 

4 

4 

Brain homogenate inactivating factor 

(dialjzed) 

1700 

26 

5 

1 

Same as in Expenment 4 -1- ferrous sulfate 
(5 y) and cysteine (600 y) j 

560 

1 

1 

75 

1 


strate was fructose-6-phosphate (0 0025 3i) , to this were added adenosme 
tnphosphate (0 001 m), MgCb (0 0035 m), NaF (0 06 si), KCN (0 06 si), 
and 0 1 ml of a 2 per cent solution of aldolase recrystalhzed from rabbit 
muscle SIX or seven tunes (9) The solution of potassium cyamde was made 
up freshly and was neutralized before use Bram homogenate suspended 
in 0 005 SI phosphate buffer at pH 7 5 was added m amounts vaiymg from 
500 Y to 5 mg of diy weight 

The solutions previously warmed at 38° were mixed, brought to a volume 
of 2 ml , and finally meubated at 38° for 3 mmutes The reaction was stopped 
by the addition of trichloroacetic acid Alkahne labile phosphorus was 
measured m the filtrate by keepmg the solution for 20 mmutes at room tem- 
perature m 1 N NaOH and correctmg for the phosphorus detenmned on the 
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untreated filtrate This latter control is necessarj’’ for each expel iment be- 
cause of differences in the ATPase activity which leads to the appearance of 
considerable amounts of inorganic phosphorus from the added ATP, even 



Fig 1 Inhibition of phosphofructokinaso activity in brain homogenates by fer- 
rous sulfate Experimental conditions as described in the text Curve 1, phospho- 
fructokinasc activity of varying amounts of brain homogenate after incubation for 
20 minutes at 3S , Curve 2, ATPase activity of brain homogenate with and without 
ferrous sulfate , Curx o 3, phosphof ructokinasc activity of brain homogenate incubated 
for 20 minutes at 3S® v ith 5 -y of ferrous sulfate 


in the presence of sodium fluoride If corrections are made for the inorganic 
phosphorus present at the beginning of the experiment, values for the 
ATPase actn ity can be obtained from the same data In Fig 1 a typical 
cxTienment on the relation between brain concentration and phosphofruc- 
tokmasc actmty and the cflect of ferrous sulfate on the activity of tin en- 
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zyme is recorded Also recorded for comparative purposes is the action of 
ATPase on ATP m presence of sodium fluonde, calculated from the same 
data While the latter enzjrme vas not affected bj' ferrous sulfate, phos- 
phofructokmase shoved a consistent though shght inhibition This m- 
hibition could be increased considerabl3 b3’’ either prolongmg the time of 



Fig 2 Effect of time and concentration of ferrous sulfate on inhibition of phos 
phofructokinase activity in brain homogenates Curve 1, effect of time of prelimi- 
narj incubation in the presence of 5 ->• of ferrous sulfate on phosphofructokinase 
activity, Curve 2, effect of vai^ang amounts of ferrous sulfate during preliminarj 
incubation (20 minutes) on phosphofructokinase actmtj 

mcubation with ferrous sulfate, or b3r mcreasmg the ferrous sulfate concen- 
tration (Fig 2 ) It should be noted here that DPN and glucose have a 
marked protective effect on the triose phosphate deh3rdrogenase activit3r 
but fail to show such an effect on phosphofructokinase 
Mechamsm of Ferrous Sulfate Effect — ^The dependence of the iron effect 
on a heat-labile factor, which is present m fresh bram homogenate but which 
13 absent m extracts prepared from acetone-dried bram powder, was pre- 
viousl3^ demonstrated ( 1 ) The concentration and purification of this fac- 
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tor ^^ere accomplished bj centiifugation of the fiesh bram homogenate 
The tissue particles thus obtamed weie washed twuce uutli 0 01 M potassium 
phosphate buffer at pH 7 5 These pieparations mhibited gl 3 ’^col 3 "sis so 
stronglj that a direct effect could be pi evoked vuthout a peiiod of pre- 
hminaij^ incubation The preparations v eie inactivated by dialysis agamst 
0 1 ?ki potassium cyanide at pH 6 0 for 5 days Full leactivation was ac- 
complished b}’- addition of ferrous sulfate and cysteme (Table V) 

Table VI 

Inhibition oj Glycolysis oj Brain Homogenates by “Inactivating Factor” 
and by Proteolytic Enzymes 

Crjstalhnc trypsin (S')), “inactivating factor,” or cathepsin vas added before 
preliminary incubation (20 minutes at 37°) , glj ceraldehyde phosphate dehydrogenase 
(GPDase) and 0 1 ml of 0 035 m fructosc-l,6-diphosphatc (HDP) were added after 
preliminary incubation Time of incubation, CO minutes 


rxpenment 

^o 

Inhibitor 

Addition after pre 
limmarj incubation 

Lactic acid 
production 

Inhibition 




y 

per cent 

1 



2100 


2 


GPDase 



3 


HDP 

2200 


4 

Trypsin 


1100 

48 

5 


GPDase 

1800 

14 

G 


IIDP 

1500 

28 

7 

Cathepsin 


300 

86 

8 

<( 

GPDase 

1300 

38 

9 

<( 

HDP 

1900 


10 

Inactivating factor 


400 

81 

11 

(( ft 

GPDase 

1900 


12 

it t( 

IIDP 

2300 

0 


The mechanism bj^ which this ii on-activated factor destroj’-s the enzy- 
matic activiU of the triose phosphate dchj^di ogenase and phosphofiucto- 
kma=o and possibly of other cnz3Tncs is still obscuie The effect of time and 
lomiiciatuic on the activity of this factor and its heat lability suggested an 
tn/3niatic icaction Since gl3Teialdeli3’-de phosphate dehydiogenase, the 
01173 me which is inictivatcd b3 the brain factoi, is of piotem nature, a pro- 
tcoh tic dostiuction was considered as a possible mechanism of inactivation 
Attempts made to dcmonstiate pioteotysis have so far been unsuccessful 
I’lio methods used (foimol titiation and deteimination of acid-soluble ty- 
rosine) ma3 not ha\e been scnsitne enough oi ma3^ be unsuitable foi this 
‘^\-tcm rrelimmai3 experiments with S3nthetic substiates (benzo3lar- 
ginin imidc and gh C3 ldch3 droalanme) were negatue oi inconclusive ' 

' W c w u-h to thank Dr M Lc \3 for the bcnzojlargimnamidc, Dr J Grecnstein 
for a generous gift of gh cjldchj droalamno, and Mr B Mandel for assisting in these 
c\jK?nmcnts 
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It was found, on the other hand, that 50 7 of ciystalhne trjT)sm, added 
directly to the gl} cob'zing bram homogenate, or 10 7 of trypsm added dur- 
ing the “prelimmarj'- mcubation” (1) inhibited glj colysis m a manner suni- 
lar to that obsen^ed with the mactn atmg factor The effect of ti^^ism was 
also reiersed by addition of fructose-1 , 6-diphosphate or by phosphoglj’’- 
ceraldehyde debj^drogenase 

In view of the possible relation of the mactn atmg factor prepared from 
mouse bram to an mtracellular proteinase, the effect of a cathepsm on gly- 
C0I3KIS was studied A cathepsm was prepared from beef hver accordmg 
to the method of Anson (10) The effect of this preparation on glycolysis 
was identical with that of trypsm or the mactivatmg factor, namelj^ the 
inhibition produced was released b3’- the addition of either fructose-1 , 6- 
diphosphate or phosphoglyceraldehyde dehydrogenase (Table 

DISCUSSION 

Studies on the effect of inhibitors on a complex cham of reactions, such as 
takes place durmg the breakdown of glucose to lactic acid, meet with two 
distinct types of difficulties On the one hand, the rate of the over-all reac- 
tion is governed by the slowest of the enz3Tnatic reactions and so the effect 
of inhibitors on the enzymes present m excess nm3’’ not be readily noticed 
On the other hand, an enzyme which is present m excess, as far as the uti- 
lization of an mtermediaiy is concerned, may be hmitmg with regard to 
another function such as the production of energ3"-rich phosphate 

In this study on the effect of iron salts on gl3’'col3dric actmty, the apparent 
paradox was observed that inhibition of the phosphogl3''ceraldeh3’-de de- 
hydrogenase manifested itself most strikmgly m the phosphorylation of 
glucose to fructose-l ,6-diphosphate, which reaction occurs at a much earlier 
stage of gl3’-colysis ''RTien fructose-1 ,6-diphosphate was added, the inhibi- 
tion of lactic acid production was counteracted This complete maskmg 
of the actual localization of the inhibition can be explamed as follows For 
the phosphorylation of glucose, energy-nch phosphate has to be supphed 
The partial inhibition of the gl3'’ceraldeh3'^de phosphate dehydrogenase with 
its coupled phosphoi^dation leads to a decreased formation of ATP This, 
in turn, results m an inhibition of glucose phosphorylation and, therefore, 
less substrate (glyceraldehyde phosphate) for the gl3’'ceraldehyde phosphate 
dehydrogenase is formed Thus, the production of ATP is further reduced 
This VICIOUS circle leads to an amplification of the inhibitory effect on over- 
all glycolysis which is out of proportion to the effect on the smgle enz3me 

The production of lactic acid from fructose-1, 6-diphosphate is hardl3’^ 
affected, most hkely because an enzymatic step, other than the oxidation of 
gb'ceraldehyde phosphate to phosphogtycenc acid, is the hmitmg factor of 
the over-all reaction 
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The above mechanism can be shown m simplified form as follows 

{a) Glucose + ATP fructose-1, G-dipliosphate 

(6) Glj ceraldehj de phosphate ;=! phosphoglycenc acid -f ATP 

(c) Phosphoglycenc acid lactic acid 

It IS clear that, if leaction (c) is limitmg, a partial inhibition of reaction 
(b) will not be observed if reaction (b) plus (c) is measured, if leaction (a) 
plus (5) plus (c) 13 measured and leaction (a) becomes limiting because of its 
dependence on leaction (b), a pionounced inliibition may lesult 
It IS felt that such considerations have a beaiing on a numbei of observa- 
tions on the effect of mhibilois reported m the hteratuie Foi mstance, it 
has been stressed by Shoii (11) that concentiations of lodoacetic acid which 
suffice to inliibit anaeiobic glycolysis are meftective aerobically Since 
glyceraldehyde phosphate dehydrogenase among the glycoljhnc enzymes is 
most highly susceptible to this inhibitor, it might be assumed that its partial 
inhibition may be obsen’^ed only under anaerobic conditions, while aero- 
bically ATP can be produced from oxidation of pyiuvic acid, masking the 
inhibition This explanation would eliminate the necessity to postulate 
other pathways of glucose bieakdmvn 
The possible relation of the inactivating factoi to a proteoljdic enzjme 
has been considered previously (1) A seiious objection to this assump- 
tion lay in the appaient specificit}’’ of the reaction foi one of the glycolytic 
enzjTiies only It has now been demonstiated that the mactivatmg factoi 
of brain homogenate affects at least one additional glycolytic enzyme, al- 
though to a lessei extent Smcc both trjTisui and cathepsin inhibit gly- 
colysis in the same mannei as the inactivating factoi , it must be assumed 
that the glycolytic enzymes ^ aiy consideiably in their susceptibility to pro- 
tcolvtic enzymes These observations mth known pioteoljTic enzjmes 
shift the pioblem of specificity from the inactivating factor to the substiate 
Tlic impoitanoc of substiate specificity has been stiessed by Beigmann and 
Fruton (12) m then studies on Indiolj’-sis of sj'-nthetic peptides A bettei 
knowledge of the susceptibility of diffeient glycelj-tic enzjmes to the senes 
of known piotcobdic enzjnics, as well as of their piotection fiom pioteolysis 
In substi ito-5 and cocnzjmcs, ma\ tliiow some light on the constiuction of 
the enzMiie piotem molecule and its actne centeis 

SUMMAUX 

1 d lie inhilnting ellcct of feuous sulfate on biain glycolysis has been 
loiah/cd to the coupled pliosphoiylation catalyzed by the phosphoglycei- 
aideinde-oxidizing cnzjmc Putial inhibition of this enzyme leads to in- 
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liibition of the sjTithesis of ATP •nhich js necessary for the formation of 
fructose-1 ,G-diphosphatc from glucose 

2 The phosphogIj'’ceraIdeli 5 'de-o\idiJ'ing enzjTne prepaied from j’^east or 
muscle restoies the glj’^cob’tic activity to a bi am homogenate which has been 
inactivated bj' ferrous sulfate or by the addition of proteoljiiic enz}rmes 

3 The inactivatmg factor loses its activity after dialysis against 0 1 Ji 
KCN for 5 days Full reactivation can be accomplished by the addition of 
ferrous sulfate and cysteine 

4 The inteipietation of the effect of inhibitors on complex reactions in- 
\olving several enz 3 Tnes is discussed 
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^^anous in\ estigators have reported antagonism between ammo acids m 
the nutritional requirements of microorgamsms Snell and Guirard (1) 
have reported the mhibitorj’’ effect of glycme, serme, )3-alanme, and threo- 
mne on the utihzation of alanine Gladstone (2), usmg Bacillus anihracis, 
found that certain amino acids prevented growth when added smgly to a 
medium capable of supportmg growdh without them He found vahne to 
be inhibitory to leucme utdization and vice versa Sunilar mterrelation- 
ships were found for valme and threonme, and threomne and serme 

In preliminary mvestigations by the authors it was noted that serme as- 
says with Lactobacillus delbntecLit, Lactobacillus casei, Streptococcus faecalis 
R, and Leuconostoc mesenteroides P-60 varied greatly Standard serme 
curves by these four orgamsms were characterized by havmg a lag section 
m the cuiv'e at low concentrations of serme, and variation m results seemed 
to follow the extent of the mitial lag section of the curve, i e , the assay 
values obtained inth the orgamsm havmg the greatest lag m the standard 
serme curve vaned over a wider range than assay values obtamed ivith those 
organisms exhibitmg the smallest lag m the standard curve 

From the work of Gladstone (2) with Bacillus anthracis and from the sig- 
moidal shape of the standard serme curves, it was thought possible that the 
lag m the standard cuiwe was due to the inhibition of serme utilization by 
threonme This paper presents the results of experiments in a study of the 
inhibitory effect of threonme on serme utilization and also the mhibitory 
effect of serme on threonme utilization by some lactic acid bacteria 

Procedure 

Stock cultures of Lactobacillus delbrueckii 9595, L casei, Streptococcus 
faecalis R (formerlj’' known as Streptococcus laclis R), and Leuconostoc mes- 
enteroides P-60 were earned on a solid medium contammg 1 5 per cent agai, 
1 per cent glucose, and 1 per cent yeast extract L arabinosus 17-5 was 
earned on a sohd medium contammg 0 8 per cent agar, 1 per cent pepto- 
mzed milk 1 per cent tryptone, and 200 ml of filtered tomato jmee per liter 
of medium (3) The moculum medium of Stokes and Gunness (4) was used 
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for all the organisms except L arabinosits The tomato juice medium given 
above with the agar omitted was used for moculum media foi this organism 
The metabolites to be studied (adjusted to pH of the medium) were added 
to tubes and the volume was adjusted to 5 ml with distilled water 5 ml 
of appropriate double strength media were then added The tubes were 

Table I 


Composition of Leuconosloc mescnieroides, Media A* and B 


Constituent 

Final concen 
ttation per 10 
ml tube 

Constituent 

Final concen 
trabon per 10 
ml tube 


Me- 
dium A 

Me- 
dium B 1 


Me- 
dium A 

Me- 
dium B 

L-Arginme monohydrochlo- 

mg 

2 

mg 

1 

Adenine 

mg 

0 12 

m 

0 10 

ride 






DL- Alanine 

10 

2 

Guanine 

0 12 

0 10 

nii-Aspartic acid 

20 

4 

Uracil 

0 12 

0 10 

h Cystine 

2 

1 

KHjPO^ 

10 

10 

Glycine 

1 

1 

K1HPO4 

10 

10 

DL-Glutamic acid 

8 

4 

MgSOt 7HiO 

2 

2 

li-Histidinc monohydro- 

1 

1 

NaCl 

0 10 

0 10 

chloride 






i)L-Isolcucinc 

2 

2 

MnSOi 4HeO 

0 10 

0 10 

m -Ijcucine 

2 

2 

FeSOi 7HjO 

0 10 

0 10 

n-Lysine monoh} drochloride 

2 

1 


7 

7 

DL-Methionino 

1 

2 

Biotin 

0 05 

0 01 

DL-Norlcucinc 


2 

Calcium pantothenate 

20 

2 

L-Prolinc 

1 

1 

Choline chloride 


25 

DL-Phcnylalamnc 

1 

2 

Folvitct 

0 04 

0 04 

L-Trj ptoplmn 

0 5 

1 

Inositol 


25 

ti-Tj rosine 

1 

1 

Nicotinic acid 

20 

2 

DL- Valine 

2 

2 

p-Aminobenzoic acid 

0 01 

0 01 

Glucose 

i 200 

200 

PyndoMne hj drochloride 

16 

16 

boduiin acLt tie (anhj drous) 

j 120 

60 

Riboflavin 

20 

2 

\II4Cl 

j GO 

30 

Thiamine hj drochloride 

10 

5 


* L\inan mut Kmkcn, unpublished 

t Lf'clerle biborntonos Dnision, American C3anamid Companv 


plugged witli non-absorbent cotton and autoclaved at 15 pounds pressure 
for 10 minutca \iter being cooled, each tube i\as inoculated vnth 1 drop 
of suspension ot organisms vhich was prepared by washing a 10 ml 18 to 
21 hour culture twice with phvsiological saline, and then diluted to a final 
\olumc of 100 ml The tubes were placed in a water bath at 35° and in- 
cubated for Of) hours for Leuconosloc mcscnlcroidcs and 72 hours for the other 
organisms 'Vt the end of the incubation period, the lactic acid produced 
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was titrated with 0 1 k' NaOH to pH 7 0, as determined bj’’ an indicatmg 
pH meter The dl form of both senne and threomne was used m all the 
work presented All concentrations of senne and threomne gn'-en m this 
paper refer to the dl form unless otherwise designated 
The medium of Stokes, Gunness, Dwyer, and Caswell (5) was u^ed for 
Ladohacillus dclbniecJ ti with the exception that p3Tidoxme hj’’drochlonde 
(20 y per 10 ml tube) was used instead of pjTidoxamme For Streptococcus 



Fig 1 Standard senne curves Curve A, Ladohacillus delbruecHi, 0 to 400 y of 
senne , Cun e B , Ladohacillus casei , 0 to 400 y of senne , Curve C, Streptococcus faeca- 
Its, 0 to 200 y of senne, and Curve D, Leuconostoc mesenteroides, 0 to 200 y of senne 

faecalts, Medium II of Baumgarten, Mather, and Stone (6) was employed 
with the xanthine omitted The L casei medium as descnbed by McMa- 
han and Snell (7) Hath xanthme omitted was used for this organism The 
media for Leuconostoc mesenteroides are given m Table I Medium A of 
Table I is from impubhshed work of Kuiken and Ljonan and was used m 
obtaming data for Leuconostoc mesenteroides m Figs 1 and 5 Medium B 
was employed for the other experiments unth this orgamsm The medium 
of Lyman et dl (3) was used for L arabinosus with the omission of the to- 
mato eluate and the addition of fohc acid 

Results 

Standard senne curves with their characteristic lag at low levels of senne 
are shown m Fig 1 for four senne-requmng lactic acid bactena Such 
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curves are obtained in the presence of 2 mg of threonme per 10 ml tube, 
which IS the amount of this metabolite present m basal media used for serine 
assaj^s (4, G) The lag section of Curves A and B, extendmg to 100 j, is 
approxnnately ten tunes greater than the lag section of Cmwes C and D 
The mliibitory effect of tlireonme on the utilization of serme and the re- 
sulting lag m the standard seime curves are clearly demonstrated m Figs 
2 to 5 Lactobacillus dclbncecLii (Fig 2) and L casci (Fig 3) do not requue 
threonme for growth and the omission of this metabolite from the media 
for these tv o organisms completely removes the lag m the grovdh curves 



I'lo 2 I^fTcct of threonuic on seiino utilization by Laclobacillus dclbriieckit 
Cunc no threonine, Curve B, 100 y of DL-thrconiue per tube, Cuive C, 200 y of 
on threonine per tube, Cui vc D, 500 y of DL-threonine per tube, Curve E, 1000 y of 
HI. threonme per tube. Curve F, 2000 y of DL-threonine per tube, Curve G, 4000 y 
of m -threonine per tube 

With stand ud serine Cun es A, B, and C of Fig 2, obtained in the presence 
of 0, 100, and 200 ■) of thieonine, it is to be noted that Curve A falls below 
Cur\c3 B and C for higher giowth This ivould suggest that thieonme is 
stimulaton for L »cc/.tz at higher giowth levels IIov ever, in other 
cvponnicntb this vas not apparent and vas not noticed with L casci (Fig 
3 ) 

Stuptocucciis faccalis and Leuconosloc incscnteroides both require threonine 
and it n theieforc impossible to remove the lag sections completely by the 
omission of thieonme Fiom Figs 4 and 5 for these two organisms, it is 
ip]) iront th it the lag w i educed In diminishing the thieonme, but it seems 
that for L mcscntcroidcs and possibly Streptococcus faccahs some other fac- 
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tors are responsible for some of the lag These results ivith L mesenierotdes 
are similar to those of Horn, Jones, and Blum (8) m -n hieh they found it im- 
possible to remo% e the lag completely from the standard threomne ounces 
bj' lo\^ermg the serme content of the basal medium 
Inhibition Ratios of Threonine to Sennc — A quantitative study of the in- 
hibition of serine utilization is given in Table II For this stud}' the “anti- 
bactenal mde\” method of iMcIlwam (9) vas used This particular 
approach has been extensn ely used by Shn e and cov orkers (10-12) m study- 
mg competitn e analogue-metabolite growth inhibitions For data m Table 
II a Avide range m concentration of threomne v as used and serme w as added 
to give the ratios as mchcated The ratio of threomne to serme at which the 



Fig 3 Effect of threonine on serine utilization b} Laclobactllus casei Curve A, 
no threonine, Curve B, 100 y of DL-threonine per tube, Curve C, 200 y of nn-threonine 
per tube, Curve D, 500 yof dl threomne per tube. Curve E, 1000 y of DL-threomne per 
tube, Curve F, 2000 y of on-threonine per tube. Curve G,4000 yof Du-threonine 
per tube 

titrations are equal to the blank titrations (no serme added) is taken as the 
“antibacterial mde\” or inhibition ratio For Lactobacillus delbruecln the 
mhibition ratio is between 100 and 200 At the ratio of 100 there was 
growth at higher levels of threomne and serme This mdicated that at this 
ratio there was stdl serme present for growth above the ratio of inhibition 
At low levels this amount of serme was so small that no response could be 
detected However, at a ratio of 200 the inhibition was complete for the 
concentrations of threonme and serme used An experiment repeated with 
the 100 and 200 y serme levels, with varymg amounts of threomne, gave m 
each case a ratio of 150 Lactobacillus casei was completely inhibited at a 
ratio of between 50 and 100, as shown by Table II A repetition of the 
experiment with 100 and 200 y of serme and varymg concentrations of 
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threonine gave an inhibition ratio of 75 Inhibition ratios greater than 
1000 for Lmconosioc mesmiermdes and 2000 for Sii epiococcus faecalis are in- 



Fig 4 Effect of threonine on 8 onne utilization by (Sirepiococcws/aecaZis Curve 
A, 25 7 of DL-thrconinc per tube, Curve B, 50 y of DL-threonine per tube, Curve C, 
100 7 of DL-tbreonine per tube , Curve D, 200 y of DL-threonine per tube, Curve E, 600 
7 of DL-threonine per tube. Curve F, 1000 y of DL-tbreonine per tube, Curve G, 2000 
7 of DL-throoninc per tube. Curve H, 4000 y of DL-threonine per tube 



I ir 5 Lffect of (hreonine on Bcrine utilization by Lcuconostoc mesentCTOidcs 
Cline A, 50 y of ni -threonine per tube, Curve B, 100 7 of di - threonine per tube, 
Cline C, 200 1 of di -threonine per tube, Curve D, 600 7 of DL-threonino per tube, 
Curve E, 1000 7 of di -threonine per tube. Curve F, 2000 7 of dl threonine per tube, 
Curve G, 4000 7 of DL-thrconine per tube 

(he itod In Table II Bj extrapolation of this data, ratios of 1100 to 1400 
ind 2000 to 2800 are obtained Analogous experiments with 10 and 20 7 
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Table II 


Inhibition of Serine Uliltzalion by Threonine 


Organism 

Threonine 

Utrationjinl of0 0S\IsaOH 

RntjO of threonine to senne 

No senne 

200 

100 

50 

25 


ms 

■■ 

BO 




Lactobacillus 

0 20 

rnSm 


0 70 

1 05 

1 00 

delbruechi 

0 50 

Bo 

BO 

0 60 

0 80 

0 80 


1 00 

BO 

BO 

0 50 

0 80 

1 36 


2 00 

BO 


0 50 

0 74 

0 92 


4 00 


0 54 

0 55 

0 84 

1 05 


10 00 

0 55 

0 60 

0 58 

1 05 

1 50 


20 00 

0 56 

0 60 

0 65 

1 20 

2 55 


40 00 

0 70 

0 70 

1 20 

2 28 

13 75 



Ratio of threonine to senne 



No senne 

100 

50 

25 

10 

Lactobacillus casei 

0 20 

0 85 

0 71 

0 83 

id 

1 00 


0 50 

0 70 

0 70 

0 82 

BO 

1 45 


1 00 

0 70 

0 70 

0 80 


2 30 


2 00 

0 70 

0 70 

0 61 

0 80 

1 68 


4 00 

0 68 

0 66 

0 71 

0 67 

2 37 


10 00 

0 68 

0 68 

0 80 

0 84 

3 60 


20 00 

0 70 

0 72 

0 90 

1 13 

9 08 



Ratio of threonine to senne 



No senne 

1000 

400 

200 

100 

Leuconostoc mesen- 

0 50 

■El 

0 80 

0 94 

ill 

0 94 

leroides P-60 

1 00 


1 00 

1 00 

mam 

3 78 


2 00 


0 89 

0 95 

1 33 

4 17 


4 00 

BrI 

0 81 

1 15 

2 00 

8 72 


10 00 

0 79 

0 90 

2 00 

7 80 

10 80 


20 00 

0 85 

1 10 

3 96 

13 10 

14 80 



Ratio of threonme to senne 



No senne 

2000 

1500 

1000 

800 

Streptococcus 



BO 



0 59 

faecahs R 


BO 

BO 



0 62 


10 00 




1 32 

2 09 


20 00 


0 84 

1 51 

3 49 

4 14 


40 00 


1 84 

3 34 

7 38 

8 84 


of serme gave inhibition ratios of 1500 for Leucorwsloc mesenteroides and 
2000 to 4000 for Streptococcus faecdhs 
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Inhibition Ratios of Senne to Threonine — If threonine, because of its simi- 
laiity in structure to seiine, can block the utilization of serine, it should also 
be feasible that serme could block the utihzation of threonine Data in 
Table III clearly demonstrate that serme can effectively inhibit the utili- 
zation of threonme by some tlireonme-iequirmg lactic acid bacteria that 
ha%e been used for the assay of thieonme An inhibition ratio of serine 
to threonme of approximate^'’ 600 is obtamed for Streptococcus faecalis by 
interpolation and extiapolation of data given m Table III By the same 
method, the best values mdicate an inliibition latio of 200 for Leuconostoc 
mescnicroides and between 400 and 600 for Lactobacdlus arabinosus 


Table III 


Inhibition of Threonine Utilization by Serine 


Organism 

Threo- 
nine per 
tube 

1 Senne per tube, mg 



0 

1 

04 

1 0 

20 

40 

10 0 

20 0 

40 0 

60 0 

soo 

100 0 



Titration, ml of 0 1 n NaOH 

Streplococeits 

7 

20 

0 95 

2 86 

2 85 

2 82 

2 74 

1 34 

0 0 1 





faecalis 

100 

0 62 

7 60 

7 42 

7 30 

7 30 

6 30 

5 50 

4 12 

0 78 




200 

0 56 

8 62 

8 70! 

8 50! 

8 52, 

8 30 

8 25 

7 70' 

6 45| 

4 20 

2 00 


20 

0 30 

0 91 

0 30 

0 30 

0 26 

0 32 

! 





Leuconostoc 

1 100 

0 32 

4 IS 

4 02 


3 85 

0 84 

0 33 

0 32 




vicscnter- 

i 200 

0 68 

5 80 

5 20 

j 4 80 

3 6SI 

3 30 

3 18 

0 30 

0 30 

0 35 


oiilcs P GO 

i 












Lactobacillus 

1 100 

10 10 



j 6 35 

4 82! 

2 81 

2 04 

1 81 

1 70 

1 72 

1 72 

arabinosus 

1 

1 



1 

1 

1 






1 


DISCUSSION 

The antagonistic effect of thieonme on the utilization of seime has some 
implications as to the leliability of the miciobiological deteraimation of 
serme The technique of heavilj' dosing the medium with all constituents, 
olliei than the one to be assayed, is usually sufficient to elimmate the effect 
of met ihohtcs added as samples Iloivovei, vath Lactobacillus delbniccln 
and Lactobacillus caui, the addition of excess threonme (2 mg per 10 ml 
tuhei IS not desii ihlc The laigc lag section m the standard seiine cun'c 
l)^ the-e two oiginisms obtamed m the presence of high concentration of 
thieonme is objectionable because m the lag section the gro■\^dh response to 
added serine is relatneh small This deci oases the sensitivity and limits 
the accuracj of assaj. \ allies taken m the lag section 
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Also m senne assays OTth Lacidbanllus delbrueclM and Ladohaallus caset, 
the effect of threonine added as a sample is important even m the presence 
of 2 mg of threomne per tube Cun'e F (2 mg of threonine per tube) and 
Curve G (4 mg of threonine per tube) of Fig 2 demonstrate adequately that 
the addition of threonme, m excess of the 2 mg usually used m assay pro- 
cedure, causes a decrease m titration at a given level of serme For ex- 
ample, mth Cun^es F and G there is a difference m titration of 0 5 ml at 
50 7 of serme and 1 2 ml at 100 y of serme Experimental data not shown, 
but ■which represent an extension of these same two ounces. Curves F and 
G, gave differences m titration of 4 25 ml at 200 y of serme and 3 75 ml at 
300 7 of serme It is true that these differences were obtamed by addmg 
2 mg of threonme m excess of the amount used m Curve F, but Table TV 

Table IV 


Comparison of Amount of Threonine Added by Several Samples in Assay for Serme 

by Lactobacillus delbrueci tt 


Sample 

1 

1 

j t^Scrmc 

t 

1 

1 

trThieoninc 

Assay 

range 

m.-senne 

Sample 
for assay 
range 

L-Threonme 
added as 
sample 
for assay 
range 


* fer cent 

per cent i 

i 

— 

7 

Dried cheese whey 

0 04 (6) 

1 9 (6) 

0-400 


0-950 

Casein 

6 8 (6) 

4 5 (6) 

0-400 


0-135 

Silk fibroin 

11 4 (13) 1 
14 5 (4) 

1 3 (13) 

0-400 

1 0-2 1 
1 

0-26 


The figures in parentheses refer to the bibliography 


shows that such conditions are possible m the serme assay bj'- Lactobacillus 
delbrueclM 

Table IV gives three samples that vary m the ratio of the threonme to 
the serme content It can be noted from Table W that ■with such a sample 
as dned cheese whe 3 q m ■w'hich the threonme content is approxmaatelv five 
times greater than the serme content, a maximum of 950 y of L-threonme 
would be added m an assay range of 0 to 400 y of serme (Curve A, Fig 1) 
This quantity of threonme added as a sample approaches very closelj’’ the 
difference m L-threonme content of the media used m obtammg Curves F 
and G, Fig 2 Such additions of threomne ■w'ould have a pronounced effect 
on the response of the orgamsm to serme and as a result would give low 
assay values ■which w'ould become mcreasmgly lower as the amount of the 
sample was increased SiUc fibrom on the other hand has a much higher 
serme content than threonme and therefore the amount of threonme added 
would be very small, as is sho^wm by Table Fi'’ Thus ■with this sample the 
effect of added threomne as a sample would be at a Tmmmiim 
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Casern is more representative of most of the samples on which serine 
and threonme values have been leported (6, 13) Although most of these 
samples contain a little more seime than tlneonme, it is e^adent from Table 
W and Fig 2 that the additions of threonme as a sample would have the 
same effect on the assay as mth diied cheese whe}’’, onlj'’ to a lessei extent 
The data piesented mdicate that a good assa 3 '- piocedure for seime, m 
samples contammg no thieonme, would be the use of Lacldbacillus dcl- 
brucclii vnth a basal medium fiee of tlireonme 
The use of Sb eptococcus faccahs oi possibly Leuconosloc mesenlei aides 
shows more piomise of bemg adapted to a seime assay than an}’- of the other 
oigamsms mentioned m this papei, ivhen the effect of factois other than 
thieonme is more cleail}'- undei stood With Sb eptococcus faecahs the lag 
section IS relatively shoit and the upper limit of the assay range is low 
This allows the use of small quantities of sample which mmimizes the effect 
of tlireonme added as a sample These possibihties are bemg mvestigated 
m this laboratory and will be reported later 

SUMMARY 

Data have been presented to show the antagonistic effect of threonme 
on the utilization of seime Increasmg amounts of threonme added to 
basal media have been showm to cause a decrease m growth at a given level 
of seime Ratios of tlireonme to seime of approximately 150, 75, 1100 to 
1400, and 2000 to 4000 completely prevented growth of Lactobacillus del- 
biuccLii, Lactobacillus casei, Leuconosloc mesenteroides, and Streptococcus 
faccahs under the conditions presented Implications of the antagonistic 
effect of threonine on seime utilization as lelated to the miciobiological 
assay methods for seime have been discussed 
A few data have also been piesented conceinmg the antagonistic effect 
of serme on the utilization of threonine Ratios of seime to threonme of 
GOO, 200, and 400 to 600 have been shoivn to mhibit effectively the giowth 
of Streptococcus faecahs, Leuconosloc mesenteroides, and Lactobacillus arabi- 
nosus 
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THE EFFECT OF SUEFACE-ACTIVE SUBSTANCES 
ON THE FUCHSIN REACTION OF HIGHER 
FATTY ALDEHYDES* 


Bt GABRIELE EHRLICH, HARRIETT E TAYLOR, A^D 
HEINRICH WAELSCH 

(From the Departments of Biochemistry, New Yorl State Psychiatric Institute and the 
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(Received for publication, September 26, 194:7) 

Higher fatty aldehydes are present m considerable quantity m the hpide 
fraction of muscle and bram and may be mtermediates m lipide metabolism 
(1, 2) The meager information concemmg the quantitative distnbution 
of the higher fatty aldehj’-des m tissues has been acqmred exclusively by 
quantitative evaluation of the Schiff reaction, as m the procedure of Feul- 
gen and Grunberg (3) or modifications of it (4) Senous doubt as to the 
rehabihty of the method arose vhen it was found that added palmitalde- 
hyde or stearaldehyde or their acetals could not be estimated quantitatively 
m tissue extracts (4) 

The experiments reported m this paper show that the result of the quan- 
titative fuschsm reaction for the determination of higher fattj’’ aldehydes 
depends to a large degree on the presence of surface-active hpides m the 
tissue extract Naturally occurnng hpides or synthetic surface-active 
agents inhibit the color development if added at the beginmng of the reac- 
tion, and destroy the color already formed if added later This effect of 
surface-active agents can be suppressed to a large degree by reduemg the 
water content of the medium through the use of a high concentration of 
acetic acid 

EXPERIMENTAL 

The Schiff reaction v as employed m three forms, two at low and one at 
high concentrations of acetic acid In all expnments palmitaldehyde gly- 
ceryl acetal was used as reference substance (4) 

Reactions at Low Acetic Acid Concentrations {Reactions S F and S F 
HCl ) — The Schiff reaction for the determmation of higher fatty aldehydes 
as earned out previously m our laboratory (4) differed in three respects from 
the procedure used by Feulgen and Grunberg (3) (a) 1 ml of 1 n HCI was 
added to the reaction mLxture consisting of 10 ml of fuchsm reagent, mer- 
cunc chloride solution, and 1 ml of glacial acetic acid contammg the com- 
pounds or tissue components to be tested It was foimd that mcreased 

* The higher fatty aldehydes, lA'^ This work was supported by grants from the 
Josiah Macy, Jr , Foundation and the United States Public Health Service 
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acidity resulted m a greater piecision (b) The color was developed at 37° 
for 18 to 24 horns (c) The color complex was extracted with caprjd (4, 5) 
instead of amyl alcohol (3) In the piesent experiments this pioceduie 
(Reactions F HCl) was compaied until a pioceduie (Reaction S F) in 
which no HCl was added The reaction mixtiu es contamed 8 9 per cent (Re 
action S F ) and 8 1 pei cent (Reaction S F HCl) acetic acid respectively 
Reaction at High Acetic Acid Concentration {Reaction S A A ) — 2 gm of 
basic fuchsm (National Anilme Division) were dissolved in 50 ml of gla- 
cial acetic acid 10 gm of sodium bisulfite, 100 ml of 0 1 n HCl, and 50 
ml of water uere added in succession The reagent was used after it had 
stood for several hoius The bisulfite did not decoloiize the solution ap 
preciably, the final reagent retamed a i eddish brown color To 1 ml of gla- 
cial acetic acid contammg the compounds or tissue components to be tested 
2 ml of glacial acetic acid and 1 ml of fuchsm reagent weie added The 
color was developed m sealed glass tubes (9 mm mside diameter, 10 ml 
capacity) at 50° for 18 to 20 hours When cool, the sealed tubes were opened, 
2 ml weretiansferredto a 25 ml graduated cyhnder (glass-stoppered), and 
10 ml of an aqueous solution weie added, contammg 5 gm of sodium bi- 
sulfite and 5 ml of concentiated HCl in 100 ml In the blank samples 
the color faded within 10 minutes to a light yellow The solutions were 
extracted unth 10 ml of capiyl alcohol exactly 10 minutes after the ad- 
dition of the sulfite solution, and the alcoholic solution was cleared by 
centiifuging as described previously (4) 

Snhstiates — The preparation of palmitaldehyde and steaialdehyde and 
then acetals was described pieviously (4) As synthetic surface-active 
substances the non-ionic detei gents. Tweens and Spans, of the Atlas Pon- 
der Company (mono- and polyesteis of soibitan inth long cham fatty acids 
and then polyalkylene derivatives) veie used These substances pio- 
duced small and consistent color values The cnide egg yolk phospha- 
tidcs were prepared accoidmg to the method of Feulgen and Grunbeig (3) 
and dried to constant weight The samples gave fuchsm coloi values (Re- 
action S F IIC’l) coi responding to as mucli as 720 mg of palmitaldeh)Tlc 
1)01 100 gm of hpidc In the expeuments wnth biain extract the residue 
of an alcohol-ether extiact of finely minced biam was dissolved in the ap- 
piopnate amount of glacial acetic acid 

In all expeuments leported m this papei the color density was detei - 
mined wath a Coleman junior spectiophotometer, model 6, m cuvettes No 
G-302 at 5 1 5 mj: The \ alues obtained m Reaction S A A w’ei e doubled, 
since only half of the reaction mixture wais extracted wnth capr 3 d alcohol 

ULSUL'iS \ND DlbCUSSlON 

riie addition ot Span 20, egg jmlk phosplutides, oi biain lipides to pal- 
mitaldclude oi Us ghccrrl acetal lesulted m an inhibition of the eolor de- 
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velopment if the Schiff reaction was earned out in a medium of approxi- 
mately 90 per cent water (Reactions S F and S F HCI) (Table I) By 
carrymg out the Schiff reaction m a medium contaimng 80 per cent acetic 

Table I 


Schtff Reaction of Palmttaldehyde and Its Glyceryl Acetal in Presence of Lijndes and 
Synthetic Surface-Active Agents 


Source o! 
aldehyde 

Amount 

Addition 

Amount 

! Schiff reaction* 
density 

optical 

Analytical recoveij 

Reac 

tion 

S F 

Reac 

tIOQ 

S F 
HCI 

Reac 

tion 

ISA. At 

Reac 

tion 

S F 

Reac- 

tion 

S F 
Ha 

PI 

BH 


y 


’ mg 


! 


percent 

percent 

percent 

Pahmtalde- 

30 




0 11 

0 24 




hyde 

30 

Span 20 

4 


0 02 

0 23 

1 

18 

96 


30 

“ 20 

8 


0 

0 22 

j 

0 

93 


40 



0 16 

0 16 

0 24 

1 

1 



40 

Span 20t 


0 09 

0 03 

0 25 

56 

20 

105 


35 





0 26 





35 

Phosphatides 

16 



0 20 



77 


20 



0 12 

0 09 






20 

Phosphatides 

20 

0 05 

0 02 


40 

22 



20 




0 07 

0 12 






Brain hpides 

14§ 


0 07 

0 24 





20 

(< 

14 


0 10 

0 32 


44 

66 

Palmitalde- 

82 



0 31 

0 28 

0 68 




hyde glj - 

82 




0 05 

0 64 

6 

18 

94 

ceryl 

30 





0 26 




acetal 

30 

Phosphatides 

15 



0 26 



100 


40 




0 16 

i 

j 




40 

Phosphatides 

1 


0 

i 


0 



61 





0 64 






Brain hpides 

11 



0 32 


1 



61 


11 



0 78 



85 


* In all expenments in which Span 20 or egg phosphatides were added the values 
are corrected for the densities given by these substances alone 

t Optical density for palmitaldehyde glyceiyl acetal 20 4 y, 0 17, 40 8 y, 0 35, 
61 2 y, 0 52, 81 6 y, 0 66, 102 y, 0 82, for palmitaldehj de 20 2 y, 0 15 , 40 5 y, 0 30, 
81 y, 0 54, 101 y, 0 66 

t Span added 5 hours after the start of the reaction 
§ Weight of wet brain 

acid (Reaction S A A ) the effect of the surface-active agents was mmi- 
mized and the recoveries of added aldehj’^de or acetal amoimted to 66 to 
100 per cent The recovery of total color resultmg from the aldehyde or 
acetal plus that from various compounds which were added amounted m 
Reactions S F and S F HCI to 0 to 74 per cent and m Reaction S A A 
to 88 to 100 per cent 
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PUCH&IN EEACTION OF FATTY ALDEHYDES 


The color reaction at high acetic acid concentration is approximately 
tivice as sensitive as that carried out at low acetic acid concentiations Of 
the latter reactions the one with the higher acidity (Reaction S F HCl) 
IS slightly less sensitive and more susceptible to the action of surface-active 
agents than the one with lowei acidity (Reaction S F ) 

In agreement with previous observations, equivalent quantities of differ- 
ent aldehydes or of the same aldehyde on different days did not yield the 
same color density The same aldehyde sample tested m different con- 
centrations does not follow Beer’s law (cf foot-note, Table I) probably be- 
cause of the difficulty m obtammg monomeric aldehydes, and therefore 
the results of experiments carried out on these substrates are variable 
With acetal a better Imeai relation is obtamed (cf foot-note. Table I). 

In an expermient reported m Table I, 1 mg of egg yolk phosphatide in- 
hibited completely the color developed by 40 y of acetal (Reaction S F 
HCl) However, when 0 5 mg of phosphatide was added, definite mhibi- 
tion of color development was found m some expeiunents, but m others the 
coloi values comcided (ivithm the erroi of the method) with the control 
value of acetal alone This findmg may explam the result leported pie- 
viously (4) that addition of 1 mg of egg yolk phosphatides, prepared ac- 
cording to Feulgen and Grunberg, does not affect the 18 hour color value 
of acetal In that experiment the phosphatide preparation used was not 
dried to constant weight and the actual amoimt may have been consider 
ably less than 1 mg 

The effect of siuface-active agents can also be demonstrated on the alde- 
hydes present in tissue extracts 20 mg of Tween 85 were added to a sol- 
ution of biam lipides in glacial acetic acid Measuiements at diffeient 
time intervals from 30 mmutes up to 18 horns after mnxmg the reagents 
gave color values coiiesponding to 10 to 16 pei cent of the simidtaneously 
determined control values Smiilai results neie obtamed in expenments 
in i\ Inch Span 20 w as used as the surface-active agent 

The addition of dcteigent aftei full color had developed with palmitalde 
hyde (Reaction S F IICl) caused fading On the other hand if Reaction 
S A A was used, full color was obtained when the detergent was added 
5 hours after mixing of the reagents (Table I) 

The effect of surface-active agents on the Schiff reaction of the higher 
fattj aldclndes in aqueous medium supports the point of view expressed 
prcMouslv (4), that analytical results obtained with the fuchsin method 
probably do not represent the true concentrations of higher fatty aldehydes 
m tissue extracts The fact that consistent values have been obtained may 
be a reflection of iclatueh constant ratios between higher fatty aldehydes 
and surfacc-actu e lipides An apparent variation, found by the fuchsin 
method in aqueous media, m the aldehyde concentiations m a tissue under 
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phi^siological 01 pathological conditions maj be the result of a change in 
concentration of aldoh3des, of surface-active lipides, or of both (5, 6) 
The form in vliich the aldehj'des aie present in the ex-tracts is not knovn 
Avith certamtj , and the lipide composition occurrmg in an extract obtamed 
from tissues mth an orgamc soh ent cannot be duplicated expenmentallj’’ 
It IS, therefore, difficult to decide how well model experiments inth deter- 
gents, free aldeln-des, and acetals approxunate conditions m tissue ex- 
tracts But it appears that the new procedure elaborated for the use of 
the Scluff i-eaction as pi esented in this papei maj' elimmate one of the potential 
errors m the determination of the higher fattj aldeh3’^des in tissue e\-tracts 

SUMXLXRX 

Katurall3’’ occurring lipides and S3’nthetic surface-active substances m- 
hibit the color dex elopment of the higher fatt3' aldeh3des and their acetals 
in the fuchsin test as proposed b3' Feulgen and used in the original or modi- 
fied form b3’' others If the surface-actix>-e substances are added after color 
has dex-eloped, rapid fading occuis Addition of s3Tithetic detergents m 
the determination of aldeh3’’des piesent m tissue lipides also suppresses the 
development of color to a marked degree These findmgs cast senous 
doubt on the usefulness of the fuchsin method for the quantitative deter- 
mination of the higher fattv aldeh3’’dps as carried out with the Feulgen 
method oi its modifications 

The effect of surface-active, naturall3’- occurrmg or S3mthetic agents is 
suppressed to a large degree if the Schiff reaction is earned out in a medium 
contaimng a high concentiation of acetic acid 
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(Received for publication, October 2-1, 1947) 

Earlj im estigators of peptidases ascribed the h} drol} sis of simple pep- 
tides to a relatn el}’’ small number of enzvTnes In recent j ears, it has be- 
come evident that there must be man}’’ different peptidases v hose specificit}’’ 
is dependent on the nature of the constituent amino acids as well as on the 
presence of free ammo or carboxyl groups hlost of the early studies were 
confined to a few animal tissues unth mtestmal mucosa as the mam source of 
these enzjTnes It is obviously desirable to examme other tissues for the 
presence of proteoljdic enzjunes 

In this study, it mil be shown that peptidases of high activity are present 
in skeletal, heart, and utenne muscle In general, these errajones closely 
resemble those previoush studied from mtestmal mucosa (Smith and Berg- 
mann (1)) and from skm, lung, and serum (Fruton (2)) All of these tissues 
appear to contam mainl}’’ enzymes of the type which have been designated 
exopeptidases, i e , enzymes v hich are capable of hj’drolyzmg peptide bonds 
adjacent to free tennmal ammo and carboxyl groups Endopeptidases 
which are capable of hy drolyzmg peptide linkages which are not adjacent to 
free tennmal ammo and carboxy’l groups have not been found m significant 
amounts m these tissues 

Peptidases of Rabbit and Rat Slelelal Muscle 

Tables I and II present some of the data obtamed vnth aqueous extracts 
of rabbit and rat muscle The hydrolj’sis of L-leucylglycme (LG) is 
strongly actu ated by the presence of 0 001 w ]MnS 04 and is probably due to 
the presence of a leucine ammopeptidase similar to those already desenbed 
in other tissues (1-3) The hydrolysis of the tnpeptide n-leucy Iglj'cjdglj'- 
cine (LGG) is greater than that of the dipeptide and is also activated bj^ 
Mn++ The hydrol 3 '’sis of the tnpeptide appears to be caused by the con- 
current action of the leueme ammopeptidase, and by^ a distmct enzyme 
v hich is not activated by a metal but vv hich also hydrolyzes digly^cylglycme 
(GGG) and other tripeptides (Smith and Bergmann (1), Fruton (2)) Za- 

* This investigation was aided bj a grant from the United States Pubhe Health 
Service 
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mecnik, Stephenson, and Cope (4) have found that extracts of dog muscle 
lij’^diolyze LGG 

Table I 

Proieolyiic Enzymes of Rabbit Muscle 


The enzyme pieparation was a crude aqueous e\tract The tests were performed 
at 40° in a diethylbarbiturate (veronal) buffer at pH 7 8 to 8 0 or in acetate buffer at 
the acid pH values 


Substrate 

Protein 

Npercc 

test 

solution 

pH 

Time 

Hj drolj SIS 

No acti- 
vator 

0 001 It 
Mn++ 

0 003U 
cy'teine 


MS ■ 


hrs 

per cent 

per cent 

per cent 

L-Leucjl glycine 

0 226 

8 0 

2 5 

8 

73 





3 5 

12 

95 





6 

29 

100 





24 

101 



L-Leuc\ Iglycylgl vcine 

0 226 

7 8 

0 5 

9 

11 





2 5 

33 

83 





3 5 

54 

98 





6 

92 

109 


Diglycvlglycinc 

0 251 

8 0 

2 

20 

36 





24 

81 

145 


L-Proljl glycine 

0 226 

7 8 

23 

7 

29 





51 

17 

62 


Glj cyl-L-prohne 

0 226 

8 0 

2 


41 





21 

38 

103 


1 



45 

65 



Glj cyl-L-leucinc 

0 340 

7 8 

7 

28 

26 





24 

51 

65 





48 

67 

98 


Gljcylgljcine 

0 251 

8 0 

24 

15 

86 


Ghcjl L-phcnjlalanme 

0 226 

7 9 

21 

10 






45 

18 



Benzoj I-i -argininamulo 

0 226 

4 0 

45 

0 





5 0 

26 

0 


2 



8 0 

26 

10 


8 

Carboben/ow gh c\ 1 i phenylalanine 

0 226 

5 0 

26 

14 


9 



7 9 

45 

5 



CarbobenzoNj -L-isoglutanum 

0 226 

5 2 

26 

9 


5 

1 

1 

7 9 

45 

1 



Carbobtnzoxj -I glutamjl-L tyrosine 

1 0 226 

6 2 

45 

2 



1 

1 

5 4 

26 

4 


3 

Htnzoj Igly cinamtdo 

0 226 

S 0 

45 

2 




1 

1 

5 2 

45 

2 




Prohnnsc (hjdioljMs of L-piolylgljmine) and piohdase (hydrolysis of 
gl}c\l-L-prolme) are also piescnt in muscle extiacts, and like the similar 
cnzjTnes of mtestinal mucosa (1) are markedly activated by Mn++ ions 
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Many other simple dipeptides are hydrolyzed by crude extracts of muscle 
The hydrolysis of glycjdglycine is strongly activated by Co++ ions as well as 

Table II 

Proteolytic Enzymes of Rat Muscle 

The experiments were performed with two different crude aqueous extracts of leg 
muscle (0 ISG mg of protein N per cc ,* and 0 163 mg of protein N per cc f) at 40° 
in diethj 1 barbiturate buffer at pH 7 8 to 8 0 unless otherwise specified 


Substrate 

Tune 

j Hydrolysis 

No acti 
vator 

0 001 u 
Mn++ 

OOOlH 

Co-H- 


hrs 

per cent 

per cent 

Per cent 

L-Leucylglycme* 

2 

3 

34 



4 

6 

63 



24 

63 

101 


L-Leucylglycylglycme* 

2 

34 

69 



4 

62 

91 



24 

104 

106 


Diglycylglycine* 

2 

29 

25 



4 

49 

44 



6 

60 

54 



24 

96 

99 


L-Prolylglycine* 

24 

4 

32 



48 

10 

60 


Glycyl-L-proline* 

P'4 

19 

26 



24 

54 

79 



48 

66 

93 


Glycylglycinef 

3 

19 

37 

83 


5 


53 

97 


24 

34 

96 

102 

Glycinamidef 

48 

11 

13 

9 

Benzoylglycme (pH 8 0)t 

48 

2 

0 

0 

“ ( “ 4 0)t 

48 

0 



Benzoylglycylglycinet 

48 

0 


0 

Benzoylglycmamide (pH 8 0)t 

24 

3 


0 

“ ( “ 5 0)t 

24 

3 


1 

Carbobenzo\yglycyl-L-phenylalanine (pH 8 0)t 

48 

4 



“ (“ 5 4)t 

48 

-1 


ot 

Carbobenzoxy-L-isoglutamine (pH 8 0)t 

48 

3 



" ( “ 6 4)t 

48 

0 


ot 

Benzoyl-L-argininamide (pH 8 0)t 

48 

3 



“ (“ 5 4)t 

48 

2 

■ 

3t 


t These test solutions contained 0 003 m cysteine 


by Mn++, activation by cobalt appears to be extremely specific for this pep- 
tide (5) Berger and Johnson (6) and Maschmann (7) have previ- 
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ously found that the splitting of dipeptides may be specifically activated by 
different metal ions The specificity and some other properties of the gly- 
cjdglycme-splittmg enzyme will be repoited elsewheie (5) 

Most of the enzymes designated as cathepsms which have been found m 
spleen, hvei, and kidney (8) aie activated by agents such as cysteine, as- 
corbic acid, etc Hydrolysis by muscle extracts of known synthetic sub- 
strates foi catheptic enzymes has not been found to any significant degree 
These mclude such activities as a caiboxypeptidase (substrate, carbobenz- 
oxyglycjd-L-phenylalamne), and various endopeptidases which hydrolyze 
caibobenzoxy-L-isoglutamme (substrate foi papam), benzoyl-L-arginin- 
amide (substrate foi trypsm and similai enzymes), and carbobenzo\y-L- 
glutamyl-L- tyrosine (substiate for pepsm and similar enzymes) Fiuton 
(2) has recently found that benzoydglycmamide is hydrolyzed by an enzjTne 
present in human and rabbit sera This activity has not been detected in 
muscle extracts Hippm lease (which hydiolyzes benzoylglycme) is not 
present in these extiacts 

Tlic absence of laige amounts of tiue pioteases from our extiacts is also 
indicated by the fact that little oi no autolysis could be detected when ev 
tiacts of the different tissues were meubated at 40° for 48 hours in buffers 
at pH 4 0 to pH 8 0, and m the presence of cysteme, or various metal ions 
Such expciunents seived as contiols foi the observation of the hydiolysis of 
synthetic substrates 

Kies and Schvommer (9) have described the presence of a cathepsm in 
calf muscle which has an optimum action near pH 3 6 as judged by the lib 
cration of soluble tjTOsme from hemoglobm Om failure to detect signifi 
cant amounts of autolysis in oui preparations of rat and rabbit muscle may 
be due to a species difference, or to a much lower concentration of such en- 
zjTues in our filteied extracts 

Peptidases of Rabbit Heart and Uiei ns 

Aqueous extracts of labbit heart muscle and rabbit uteius (Table III) 
shov the same kinds of enzjunatic activities as do skeletal muscle extracts 
In geneial, these extiacts contam highei peptidase activities than those ob- 
t lined fiom the skeletal muscle of this species Carboxypeptidase and 
cndopcptidase activities have not been detected in the extracts of lieait oi 
uteius This vas tested at pH 5 0 and pH 8 0 in the presence or absence 
of cjstomc with caibobenzoxyglycyl-L'phenylalanme, benzoyl-n-arginin- 
amidc, carbobenzoxy-L-isoglutamme, and carbobenzoxy-n-glutamyl-n-ty- 
rosine 

Peptidases of Human Uterus 

Fov m\ cstigations have been made on the peptidases of human tissues 
Beiger and Johnson (10) prepared an extract of human duodenum and stud- 
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Table III 

Peptidases of Rabbit Heart and Rabbit Uterus 


The uterus (fresh weight, 28 gm ) was obtained from a rabbit 2 weeks post partum 
The enzyme e\penmcnts were performed at 40“ in veronal buffer at pH 7 8 to 8 0 


Tlsuc 

Substrate 

Pfotem 

V per cc 
test 

<olution 

Time 

HjdroI>*5is 

No 

activator 

0 001 IT 

OJWI It 
Co-^ 



mg 


per cent 

per cent 

per cent 

Heart 

i-Lcucjlgljcine 




39 






13 

84 





24 

87 




ly-LeucjlgliCjlgl) cine 

0 0552 

1 5 


30 





2 5 

13 

51 





5 5 

40 

99 





24 

104 




Digb cjlglycine 


1 5 

20 






2 

30 






3 

40 






6 5 

74 






24 

96 




L-Proljlgljcine 

0 138 

3 


14 





6 5 


26 





24 


64 



Gljcyl-L-prohne 

0 138 



9 







30 







80 



Glycylglycine 



9 


77 


Glycyl-ii-leucine 

0 138 



13 







29 





24 


66 


Uterus 

L-Leueylglycine 




27 






21 

71 





24 

91 

101 



L-Leucylglycylglycine 



20 

43 






69 

94 



Diglycylglycine 

0 224 

1 5 

71 


87 




24 

107 


149 


L-Prolylglyeine 

0 224 


16 

17 






37 

39 





24 

81 

84 



Glyoyl-ii-prohne 

0 224 

3 


34 





6 5 


76 





24 


93 



Glycylglycine 

0 224 

24 

20 


49 




48 

28 


62 


Glycyl-L-phenylalanine 

0 224 

24 

32 

71 

30 




48 

44 

84 

44 


Benzoylglycine 

0 224 

48 

0 





















558 


PEPTIDASES OP MtrSCliE 


Table IV 

Peptidases of Huvian Uterine Tissue 


The extracts were prepared from two different uteri obtained surgically The 
enz j matic experiments were performed in veronal buffer at pH 8 0 to 8 2 and 40° 


Substrate 

Protein 

N per cc 
test 

solution 

Tune 

Hydrol>sis 

No 

activation 

0 001 M 

Jin'*"*' 

0001 u 
Co**- 


1 

mg 

hrs 

{ter cent 

per cent 

per cent 

L-Leuc 3 dgl j cine 

0 066 

1 5 

21 

24 




4 

52 

50 




6 

66 

68 


L-Leucylglycj'l glycine 

0 066 

1 5 

43 

44 




2 

73 

72 




4 

96 

100 


Diglycylglyeine 

0 066 

1 5 

27 





2 

45 





4 

62 





6 

SO 



Glycyl-L-proline 

0 164 

5 

11 

14 




24 

36 

88 


Glycj 1-L-phenylalanine 

0 164 

3 


34 




5 


42 




24 


71 


Benzojlglycino (pH 7 8 ) 

0 246 

24 

1 

0 

0 

“ (“ 5 0) 

0 246 

24 

1 



I -Loucinamide 

0 132 

3 

16 

37 




4 

31 

61 


L-Loucylgl} C 3 dglycinc 

0 132 

0 75 

24 

26 




2 

61 

65 


Digbcylgbcine 

0 132 

0 75 

25 

12 




2 

53 

34 




2 5 

64 

43 




3 

75 

52 




4 

94 

63 


Gbcil L-leucinc 

0 132 

0 75 

38 

10 




2 

59 

22 




3 5 

76 

38 


Gl\ C 3 Igb cine 

0 264 

0 75 

22 

48 




1 5 

41 

77 




2 75 

58 

102 


GI 3 L 3 I-L prolinc 

0 396 

3 5 


74 


Gh c \ 1113 dro \3 -L-proline 

0 396 

3 5 


14 

BV 


* This solution contained 0 001 ir Zn"*^ 


iccl the properties of a leucyl peptidase winch ivas activated by 
Oilier peptides iicro also hydrolyzed by this extract Fruton (2) has stud- 









E L SMITH 


559 


led the peptidases of human skm and found that several enzymes were pres- 
ent, mcluding a leucme ammopeptidase activatable by iln++, prohdase, and 
a peptidase which h 3 ’’drol 3 "zed LGG and GGG 
Table W presents data obtamed with aqueous extracts of human uterus 
These extracts contam high peptidase activities similar to those already 
descnbed m the precedmg sections However, the properties of some of the 
activities are dilferent from those obtamed from other species The hy- 
drol 3 "sis of gl 3 "C 3 d-L-leucme by extracts of rabbit tissue is activated by ]\In++ 
and Co"*^ With the human extracts, jMn++ and Co"^ inhibit the hydrol- 
ysis of this peptide, but strong activation is produced by Zn"^ 

The hydrolysis of glycylglycme is activated by Mn++, and to a much 
greater extent by Co++ This behavior appears to be general for aU tis- 
sues mvestigated thus far As obtamed from most tissues, the enzyme is 
extremely labile In contrast, the uterme dipeptidase is qmte stable at 
ice box temperatures for many weeks The properties of these gl 3 ’’cylgly- 
cme dipeptidases wdl be descnbed elsewhere (5) 

Carboxypeptidase and endopeptidases have not been fonnd m extracts of 
human uterus when tested under the same conditions descnbed for the other 
tissues 


Some Observalions on Nature of Tissue Peptidases 

Leucine Ammopeptidase — Lmderstrpm-Lang (11, 12) first pomted out 
that LG was hydrolyzed by a distmct leucyl peptidase Berger and John- 
son (10, 13) later obsen’^ed that this enzyme is extremely vndely distnbuted 
m nature, and that it is strongly activated by ]Mn++ or Mg++ It has smce 
been shown that the enzyme fulfils the specificity requirements of an ammo- 
peptidase (1), and that the activation is apparently a true combination of 
metal and protem (14) It is of some mterest to determme which metal is 
actually present m the naturally occumng enzyme 

Smce Mg^ ions form a soluble complex with citrate, i hereas Mn++ ions 
do not, it IS possible to differentiate between these two metal ions * Var- 
ious tissue extracts were studied m the presence and absence of 0 01 m so- 
dium citrate without the addition of metal ions (Table V) The hydrol- 
ysis of LG and n-leucmamide (LA) was found to be strongly inhibited by 
citrate ions It would appear, therefore, that the naturally occumng leu- 
cme ammopeptidases are magnesium enzymes This findmg is s imilar to 
the observations of McCarty (15) on citrate inhibition of the desoxyribonuc- 
lease of beef pancreas 

Leucylglycine-Splitting Enzyme of Human Uterus — ^Thus far, several dif- 
ferent enzymes of animal tissues are known which hydrolyze leucme pep- 

* This refers to the situation in the neutral pH range In strongly alLahne solu- 
tion, citrate will form complexes with Mn"*^ and many other divalent ions 
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tides These mclude two types of leucine ammopeptidases, the Mg++- or 
Mn++-activated enzymes (1, 2 , 10), and the cysteme-activated enzymes of 
heef spleen, beef kidney, and swme kidney (16) These ammopeptidases 

Table V 

Effect of Citrate on Tissue Peptidases 


The tissue extracts -were used without the addition of metal ions * The tests 
ivcrc performed at 40° in veronal buffer at pH 7 8 to 8 0 


Tissue 

Substritc 

Protein 

N per cc 
test 

solution 

Time 

j 

j Hydroljsis 

No 

citrate 

001 If 

citrate 



f>JS 

hrs 

per cent 

per cent 

Rabbit muscle 

L-Lcucylglycine 

0 50 

3 

55 

30 




4 5 

94 

45 


L-Leucinamide 

0 50 

2 

46 

21 




4 

83 

40 

" “ (partially 

Glycyl-L-proline 

0 25 

2 

17 

17 

purified) 



3 ! 

28 

20 




5 

47 

47 




24 

102 


Rabbit heart 

L-Leucylglycine 

0 126 

1 5 ! 

16 

5 . 


1 


20 

102 

20 


L-Leucinamide 

0 126 

4 

41 

11 




6 

53 

13 




24 

101 

30 

“ uterus 

L-Leucylglycine 

0 224 

2 

26 

11 




6 

73 

27 


L-Prolylglycine 

0 224 

3 

16 

21 




6 6 

37 

32 




24 

81 

81 


Glycyl-L-proline 

0 224 

3 

26 

26 




6 

41 

40 




24 

84 

85 

Ilog intestine (VioBin) 

L-Leucylglycine 

0 106 

1 

30 

20 




2 

67 

27 




4 

99 

43 


L-Loucinamide 

0 262 

0 76 

59 

32 



1 

i 

1 5 i 

99 

46 


* The actn it> of these extracts towards the various substrates is from 10 to 100 
times greater in the presence of 0 001 m MnCl. 


appear to require similar structural specificity m their substrates, smee LG, 
LGG, and L aie hydrolyzed tvith velocity constants of the same magni- 
tude In addition to these enzymes, a peptidase is knoivn which hydiolyzes 
LGG, GGG, and other tnpeptides, this enzyme has little oi no action on LG 
and LV (1) 
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The experiments reported m Table TV show that uterme extracts contam 
a tripeptide-sphttmg enzyme as judged by the hj^drolj’-sis of GGG This 
hj drol 3 ’'sis is not metal-activated and shows some inhibition by 0 001 ai 
IM n"^ Part of the hydrolj'sis of LGG must also be due to this 01123^16 A 
metal-actiA'ated leucine ammopeptidase is present, since the hj drolysis of 
LA. is actnated bj j\In++ 

It has alreadj' been demonstrated that the leucme aminopeptidases are 
magnesium proteins as judged bj' the mhibition which is produced bj 
citrate Table AT shows that in a crude extract the h 5 'drol 3 ’^sis of 
LG and LA is partly inhi bited by citrate The hj drol}’-sis of LGG bj' the 
tnpeptide-sphttmg enzyme is apparent^’’ too rapid for the small amount of 
ammopeptidase to influence the over-all rate of hj’^drol 3 ’’sis, smce there is no 
activation by AIn++ or inhibition by citrate 

The hydrolysis of the different substrates bj’’ the uterme extract foUoAss 
the kmetics of a zero order reaction The proteoljdic coefficient, C®, vas 
calculated from the zero order velocity constant K°, which is expressed as 
per cent hydrolysis per minute In Table V, the coefficient C® is equal to 
KyE where E is the enzjune concentration m mg of protem N per cc of 
solution 

It was found that the precipitate obtamed Avith 2 volumes of cold acetone, 
and then washed Avith cold acetone and dned, gaA'e a highlj’- active solution 
when redissolved m water The relative activity towards the different 
substrates was changed considerabty (Table AO AVith the acetone-treated 
preparation, a considerable portion of the tnpeptide-sphttmg enzyme was 
destroyed, smce (7® for GGG decreased from 3 9 to 0 48 and C® for LGG 
from 5 9 to 1 65 Much of the leucme ammopeptidase actmty was re- 
tamed, smce an activatmg effect of ]Mn+^ was apparent both vath LGG and 
LA However, the actmty towards LG was greatly concentrated, smce 
Clo mcreased about 6-fold from 0 94 to 5 7 

It seems that this actmty towards LG must represent a distmct enzyme 
of a hitherto unknown type This is suggested bj’’ the foUowmg evidence 
No activation was produced by ]Mn++, and no inhibition occurred m the 
presence of citrate The mam action on LG cannot be due to leucme 
ammopeptidase, smce activation was produced bj’’ Mn++ vhen the same 
preparation was tested mth LGG or LA The actmty towards LG was 
not activated by other metals, such as iMg^, Fe++, Co++, or Zn~^ Some 
inhibition was produced by the last two 10 ns The metal-activated leucme 
anunopeptidases of hog mtestme (1) and of rabbit muscle (unpublished 
observations) hydrolyze LG and LGG at equal rates The acetone prep- 
aration of uterus hydrolyzed LG about 4 times faster than LGG m the 
absence of Mn++ Smce at least part of the sphttmg of LGG is due to the 
concurrent action of the tnpeptide-sphttmg enzyme nnH the ammopepti- 



Table VI 

Hydrolysis of Leucine Compounds by Crude and Acetone-Treated Extracts of 

Human Uterus 


The tests were performed at 40° and pH 8 2 m veronal buffer The proteoljtvc 
coefiicient, C”, rsas calculated from the zero order velocity constant, K'‘, where 
CO = KofE E IS expressed as mg of protein N per cc of test solution 



Protem 


No addition 

Hydrol 

Hjdtol 

Substrate 

N per cc 
test 

solution 

Time 



ysLs in 

ysis m 
OOlu 
citrate 

Hydro! 

ysis 

CO 1 

0 001 U 
Mn++ 


Testa r)erformcd ■nith cn. do extract 



mz 

hn 

per cent 


per cent 

percent 

L-Leuc j Iglycylglycine 

0 111 

1 

, 41 

6 1 

36 

40 



1 1 5 

58 

5 8 

50 

62 



2 

76 

5 7 

62 

76 

L-Leucylglycine 

0 222 

1 5 

17 

0 86 

18 

9 



2 6 

31 

0 95 

32 

17 



3 5 

44 

0 95 

43 

28 


1 

6 

67 

0 99 

58 

41 

L-Lcucinamide 

0 222 

2 

14 

0 53 

25 

8 



4 

23 

0 43 

50 

11 



6 

35 

0 44 

73 1 

il6 



24 

88 


102 

38 

Diglycylglj'cine 

0 111 

0 6 

12 

3 6 





1 

28 

4 2 





1 6 

41 

4 1 





2 

51 

3 8 ' 



Carbobonzo\j'-L-leucylglycine 

0 222 

24 

2 




Carbobcnzo\y-L-leucinamide 

0 222 

24 

0 





Testa ^itli acetone precipitated preparation 


I -Lcucylglycjlglj^cinc 

0 181 

1 


17 

1 

6 

35 

17 



1 

5 

25 

1 

5 

55 

22 



2 


36 

1 

7 

76 

26 



2 

5 

49 

1 

8 

83 

30 

L-Lcucylgl>cinc 

0 ISl 

0 

25 

15 

5 

5 

17 

16 



0 

5 

31 

5 

7 

36 

30 



0 

75 

47 

5 

7 

48 

46 



1 


62 

5 

7 

61 

62 



1 

5 

83 



S3 

84 

L-Lcucinamidc 

0 362 

0 

5 

15 

1 

4 

23 

15 



1 


31 

1 

5 

47 

30 



1 

5 

44 

1 

4 

70 

44 



2 


CO 

1 

4 

85 

57 


1 

3 


85 

1 

3 

100 

86 

Digljcjlgljcme 

0 362 

1 


10 

0 

46 





2 


21 

0 

48 





3 


32 

0 

49 


1 



4 

5 

47 

0 

48 





5 

5 

58 

0 

48 



Carbobenzoxj -L Icucjlgljcine 


24 


1 


! 
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pH 

Fig 1 Hydrolysis of L-leucylglycine as a function of pH The activities were 
computed from the zero order velocity constants The tests were performed at 40° 
with an acetone-treated enzyme at a concentration of 0 181 mg of protein N per cc 
of test solution The buffers were at a concentration of 0 04 m, except for the cac- 
odylate which was used at 0 1 m 


TABtE vn 

Effect of Inhibitors on Hydrolysis of i^Leucylglycine 


The acetone-treated enzyme was used at a concentration of 0 181 mg of protem 
N per cc of test solution The experiments were performed at 40° in veronal buffer 
of pH 8 2 


Time 

Hydrolysis 

No addition 

0 1 it fiuonde 

1 

: 0 01 It fiuonde 



mtn 

per cent 

per ant 

per ant 

per ant 

Per ant 

15 

16 


8 

14 

14 

30 

32 

13 

18 

28 

28 

45 

48 j 

18 

25 

41 

39 

60 

63 

22 

34 

51 

45 


dase, the new enzyme must possess a far greater activity towards LG than 
it does towards LGG 

The new enzyme does not seem to be an ammopeptidase, smce the ace- 
tone-treated preparation showed a greater mcrease of activity towards LG 
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than to\\ ards LA in tlie presence or absence of added Mn++ The presence 
of a carbo\j’’peptidase can be excluded, since no hydrolysis of caibobenzoxy- 
L-leuc} Iglycine iias obsen^ed in 24 hoiu-s It is tentatively suggested that 
the ncv enzjme might be a specific dipeptidase It has alreadj'’ been found 
that the hjdrolj'sis of glycylglj’^cme bj’’ seveial animal tissues is due to a 
specific dipeptidase (5), and there is evidence that the sphttmg of ceitain 
other dipeptides may also be due to specific dipeptidases (unpublished ob- 
seivations) 

The effect of pH on the hydrolysis of LG by the acetone-tieated enzjnne 
IS shoivn in Fig 1 The enzjmie shows a broad zone of maximal activity 

Table VIII 

Effccl of Incuhalion of Prolidase with MnSOt 
Tlic onzjmc vas obtained from a rabbit muscle extract which had been precipi- 
tated v.ith acetone and dried The concentration was 0 248 mg of piotein N per cc 
of teal solution The tests were made at 40° and pH 8 0 in veronal buffer Incuba- 
tion of Mn++ and cn7\ me was at 40° and pH 8 0 for 1 hour prior to addition to the 
substrate (gljcjl-L-proliuc) 


Time 

Hydtolj SIS 

No activator 

0 001 M Mn'*"*’ added 
without incubation 

0 001 M Mn''+ incubated 
with enzyme 

hrs 

ptr cent 

per cent 

per cent 

0 5 ! 


8 

49 

0 75 



62 

1 1 


17 

67 

2 

17 

40 

92 

3 

28 

63 

101 

5 

47 

1 99 


24 

102 




extending fiom pH 8 1 to at least pH 9 1 No specific ion effects were 
observed 

The effect of some inhibitors on the hydiolysis of LG is given m Table 
The high concentiation of sodium cyanide has only a slight effect 
This is probabh due to its action on the leucine ammopeptidase which is 
picscnt, since the hydrol 3 ’’sis of LG by this enzjune is knomi to be stionglj'’ 
inhibited bj cj anidc (17, 18) Cysteme appeal s to have a slight mitial in- 
hibitoit effect Minch piogiessuclj’- increases Fluoride in 0 01 m concen- 
tiation produces a 50 per cent inhibition, while 0 1 m fluoride causes a 63 
per cent inhibition 

Piohdasc — ^The hjdroly'^is of glycyl-n-proline and glycylhydroxy-L-pio- 
hne by extracts of intestinal mucosa has been ascribed to a istmet pepti- 
dase Minch docs not require the presence of peptide hydrogen This 
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enziine has been found to be activated by j\In++, but not bj other divalent 
ions (1) In this investigation on other tissues, the prolidases are also spe- 
cifically actuated bj Mn"^ ions Moieover, no inhibition of activity was 
obsen'ed m the presence of 0 01 m citrate (Table "^0 , so that additional 



pH 


Fia 2 Actmtj of prolidase as a function of pH C" is the first order velocit 3 ' 
constant per mg of protein N per cc The cnzj me was obtained from an aqueous 
extract of rabbit muscle, this was precipitated with 2 volumes of cold acetone and 
dned The aqueous extract of the acetone powder was filtered and used for the tests 
The enzyme concentration was 0 496 mg of protein N per cc of test solution The 
enzyme was incubated at 40° with 0 001 m MnS 04 for 2 hours pnor to addition to the 
substrate (glycyl-L-proline) Incubation at pH 8 0 or at the pH of the tests had the 
same effect on the subsequent rate of hydrolysis of the substrate 

evidence is now available that these enzymes aie specific metal proteins m 
contrast to leucme ammopeptidase ■nhich can be activated by either Mn++ 
or Mg+i- Likewise, prolinase (hydrolysis of L-prolylglycme), which is ac- 
tivated only by Mn++, is not affected by citrate (Table V) 

The activation of prohdase by 2Wji++ is a time reaction (Table V TTT ) 
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After incubation of Mn'^ and the enzyme for 1 hour at 40° and pH 8 0, 
the h3’-drol3'sis proceeds with regular first oidei kmetics C, the fiist oidei 
veloc)t3’- constant per mg of piotem N, is about 10 times gieatei m the 
presence of Mn++ (0 037) than m the absence of metal ions (C= 0 0032) 
This type of time reaction between a metal and its specific piotem, which 
nas first described for leucme ammopeptidase m 1941 (19), has since been 
foimd for aiginase (20) and phosphatase (21) 

The effect of pH on the activity of the prolidase of labbit muscle is shown 
in Fig 2 The enz3mie possesses a broad range of maximal activity be- 
tween pH 7 5 and 8 2 

Although the specificit3’- of prolidase has not yet been elucidated com- 
pletely, some infoimation is available Ciude and partially pmified ex- 

Tablb IX 

Homospecificity of Prolidases 

The enzyme preparation was incubated at 40° in veronal buffer at pH S 0 together 
with 0 01 M Mn++ for 1 to 2 hours prior to addition to the buffered substrate solution 
The final test solutions contained 0 002 m Mn"^ The proteolytic coefficient C = 
K/E ivhcro K is the first order velocity constant for the enzyme concentration E 
expressed in mg of protein N per cc of test solution 


En 2 >mc preparation 

Cgp 

Cghp 

Proteolytic 
quotients, 
^^GP ^GHP 

Rabbit skeletal muscle (crude) 

0 0052 

0 00066 

7 9 

“ “ “ (partially purified) 

0 0131 

0 00164 

8 0 

“ heart muscle (crude) 

0 0074 

0 OOOS8 

8 4 

Rat skeletal “ “ 

0 0056 

0 00073 

7 7 

Human uterus 

0 0029 

0 00032 

9 1 

“ scrum 

0 00064* 

0 000088* 

7 3 


* K for 0 5 cc of scrum in 2 5 cc of enzyme test solution 


tiactb of hog intestinal mucosa wcie found to hydrol3’-ze glycyl-L-prohne 
about 8 times fastei than glye3dhydro\'y-L-prolme (1) All of the tissues 
which were examined in this mvestigation weie found to hydrolyze the 
h3dioxyproline peptide as well as the piohne peptide The data in Table 
IX summarize the results From the lelative constancy of the latio 
Cov Com , it w ould appear that these enzymes aie homospecific (22) More- 
over, the conclusion is pi obably justified thatw^e aie dealing with the activity 
of a single enz3me from each tissue, smee it w^ould be a lemarkable comci- • 
dence to obtain such constant ratios if more than one enzyme were involved 
Prolidases of intestinal mucosa (1) and of the tissues studied m this m- 
vcstigation do not h3^drolyze caibobenzoxyglycyl-L-piolme or carbobenz- 
C3 1113 drox3 -L-prohne , a free amino group appears to be requiied for 
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the action of these enzymes In preliminary experiments on the purifica- 
tion of rabbit muscle prolidase, it was found that the hj’-drolysis of glycyl- 
glycyl-L-prohne paralleled the hydrolysis of diglycylglj cme and not that of 
glycyl-L-prohne It would seem that the immo peptide bond must be ad- 
jacent to a free ammo group 


DISCUSSlOX 

The classical picture of protem digestion has portra 3 ^ed an mtestmal erep- 
sm as concerned with the ter mina l stages of the breakdown of peptides to 
free ammo acids In recent j'ears, it has become apparent that this ^^ew- 
pomt IS erroneous m two important aspects First of all, it is now ob- 
vious that the peptidases of mtestmal mucosa represent an extremely com- 
plex mixture of many different enzymes of exceedmgly diverse specificity 
(1) The term erepsm then becomes a misleadmg one m so far as it is used 
to descnbe a smgle enzyme or a mixture of a few enzymes Secondly, evi- 
dence has gradually accumulated that the peptidases of mtestmal mucosa 
are not umque The same or similar enzymes have been found m many 
other types of animal tissues Maschmann (7) has found these activ- 
ities m hver and kidney Fruton (2) has shown that these enzymes are 
present m skin, lung, and serum I has now been demonstrated that sim- 
ilar peptidases are present m skeletal muscle, heart, and uterus The 
presence of these enzymes m various tissues throws some doubt on the new- 
pomt that the enzymes of mtestmal mucosa are solely concerned with di- 
gestion It IS more likely that all of these enzymes are mtraceUular m na- 
ture and concerned with similar functions, regardless of the tissue m which 
they are foimd 


EXPEHIMENTAL 

The enzyme experiments were performed m 2 5 cc volumetnc flasks at 
a temperature of 40° Hydrolysis was measured on 0 2 cc samples bj^ the 
titration method of Grassmann and Hej'de (23) The substrates were pres- 
ent m a concentration of 0 05 m Hj^drolj^sis of one peptide bond is ex- 
pressed as 100 per cent Controls were performed by mcubation of the 
tissue extracts m the absence of substrate No significant autolj'sis was 
detected 

The extracts were prepared by washmg the tissues with cold water to 
remove as much blood as possible The tissues were then minced and ho- 
mogemzed vith cold distilled water m a Warmg blender The extracts 
were adjusted to between pH 7 2 and 7 5 (phenol red) and centrifuged or 
filtered No differences m activity were found when the extracts were pre- 
pared m physiological saline or veronal buffer (pH 7 8), except that more 
inactive protem was dissolved 
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The technical assistance of Rosalind Pack, Douglas M Broim, and Mane 
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Holmstrom of the Department of Obstetrics and Gynecology for the uteri 
used m this mvestigation 


SmUMAKY 

1 Extracts of rabbit muscle, heait, and utenis as well as those of lat 
muscle and human uteuis contain high peptidase activities which can hy- 
drolyze a vaiiety of simple peptides Leucine aminopeptidase, piolinase, 
prolidase, and a tripeptide-sphttmg enzyme have been found m all of these 
tissues Endopeptidases that Itycholyze peptide linkages, which are not 
adjacent to free terminal ammo oi carboxyl gioups, have not been found to 
any significant extent Carboxypeptidase has not been detected in these 
extracts 

2 The metal-activated leucme aminopeptidases of vaiious tissues aie 
strongly inliibited by citrate ions, indicating that these enzymes aie mag- 
nesium protein compoimds 

3 Some evidence is presented foi a new tj^ie of enzyme m himiaii uteius 
which hydiolyzes L-leucylglycme, and which has at best a veiy much weakei 
action on L-Ieucylglycjiglycine and j>leucmamide This suggests that an 
ammopeptidase is not responsible foi the action Blockmg of the ammo 
group (carbobenzo\y-L-leucylglycine) pi events the hydiolysis, hence the 
action of a carboxypeptidase can be excluded The new enzyme may be a 
specific dipeptidase 

4 The prolidases of vaiious tissues and human seium are homospecific 
manganese enzjmes which hydrolyze glycyl-n-prohne and glycylhydroxy-L- 
prolme with the same relative effectiveness 

5 The concept of an mtestinal erepsm is outmoded and misleadmg, since 
the same oi similar enzymes have been found m many othei tj^ies of tissues 
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THE GLYCYLGLYCINE DIPEPTIDASES OF SKELETAL 
MUSCLE AND HIBLIN UTERUS* 

Bt EMIL L SMITH 

{From the Laboratory for the Study of Hereditary and Metabolic Disorders, and 
the Departments of Biological Chemistry and Medicine, University of 
Utah School of Medicine, Salt Lafe City) 

(Eeceived for publication, October 24, 1947) 

Until recent years, it was generally assumed that the hydrolysis of all 
sunple dipeptides was due to a smgle enzyme, dipeptidase In 1929, Lm- 
derstrpm-Lang (1) demonstrated that the two dipeptides, leucylglycme and 
alanylglycine, were split by different enzymes One of these has smee been 
found to be a leucme armnopeptidase which hydrolyzes a variety of leueme 
peptides includmg leucinamide (2) Because of this and similar studies, the 
existence of a dipeptidase which is capable of hydrolyzmg many kmds of 
dipeptides has become doubtful The studies of Bergmann and his col- 
laborators (3, 4), have amply demonstrated that proteolytic enzymes requne 
for then- action the presence of specific ammo acid residues m the substrates 
as well as the presence or absence of ammo and carboxyl groups 

It has now been found that the enzyme of animal tissues which hydrolyzes 
glycylglycme appears to fulfil the specificity requirements of a dipeptidase, 
but m a sense quite different from that in which the term was used earlier 
Substitution of amino or carboxyl groups renders the peptide resistant to 
hydrolysis Moreover, the activity towards glycylglycme does not appear 
to parallel the hydrolysis of any other dipeptide which has yet been studied 
It appears justifiable to ascribe the enzyme action to a specific glycylglycme 
dipeptidase 

Properties of Glycylglycme Dipeptidase of Rat Muscle 

Specificity — ^Table I presents the data obtamed with a crude fresh aqueous 
extract of rat skeletal muscle The splittmg of glycylglycme (GG) is 
strongly activated by Co++ (5) and to a lesser degree by Mn++ Mg++ does 
not accelerate this hydrolysis, and Zn++ acts as an inhibitor These 
extracts do not hydrolyze compoimds in which the free ammo group is 
suppressed as m carbobenzoxyglycylglycme or benzoylglycylglycme, or in 
which both the ammo and carboxyl groups are substituted as in carbobenz- 
oxyglycylglycmamide and benzoylglycinamide No hydrolysis of hippuric 
acid (benzoylglycine) was detected m these extracts, hippuricase is obvi- 
ously a different enzyme from the dipeptidase 

* This investigation was aided by a grant from the United States Pubho Health 
Service 
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The hydrotysis of diglycylglycme (GGG) b}’- cmde tissue extracts is due 
to a distinct enzyme from the dipeptidase This is shown by the fact that 
the initial hydrolysis of the tripeptide is only slightly activated by metal 
ions, and that, in the absence of metal ions, the second peptide bond is split 
extremely slowly In the presence of Mn-^ or Co++, the second peptide 
bond IS hydrolyzed quite rapidly (Table II) The tripeptide-sphtting 
enzyme is much more stable than the dipeptidase Under conditions m 
which most of the dipeptidase activity is lost, e g standmg at pH 7 6 and 
40° for 5 hours, the hydrotysis of the tripeptide is relatively unimpaired 
Undei the same conditions, most of the capacit}’’ of the extract to hydrotyze 
glycylglycinamide and glycinamide is unaffected However, since there is 

Table I 

Action of Rat Skeletal Muscle Extracts on Glycine Compounds 
The tests were performed at 40° in veronal buffer at pH 8 0 The enzyme prepara- 
tion was a freshly prepared crude extract of rat skeletal muscle 


Substrate 

Protein N 
per cc test 
solution 

Tune 

Hydrolysu 

No acti- 
vator 

OOOl u 
Mn++ 

0 001 M 
Cot+ 


ms 

tirs 

per cent 

per cent 

per-cent 

Gljcylglycinc 

0 168 

3 

19 

37 

83 



24 

34 

96 

102 

Benzoyl glycinamide 

0 316 

22 

1 


0 

Benzoylglycine 

0 316 

22 

0 

0 

2 

Carbobenzoxyglycylglycine 

0 316 

22 

0 


0 

Bcnzoylglycylglycine 

0 474 

45 

4 


1 

Glycinamide 

0 474 

22 

3 


8 

Gb cylglycinamide 

0 316 

22 

20 


20 

Carbobenzoxyglycjlglycinamide 

0 316 

22 

1 

1 

6 


some loss of activity towards these substrates, it would appear that the 
dipeptidase may be able to split the tw o amides extremely slowly 
The hydrolysis of GGG, L-leucylglycylgtycine, and other tripeptides has 
been ascribed to a distinct enzyme Although this enzyme has not yet 
been obtained in homogeneous form, highly active pieparations from 
intestinal mucosa possess only slight activity tow^ards most dipeptides (2) 
The enzj^me which hydrolyzes GGG may be activated to some extent by 
Co-^ The enzyme preparations which had been heated at 40° for 5 oi 12 
hours show little hydrolysis of glycjlglycine in 4 hours, yet there is a greater 
effect of Co++ on the splitting of the tripeptide than can be due to the action 
of the dipeptidase 

Other glj cine-coutammg peptides aie hydiolyzed by a cioide extiact of 
rat muscle (G), but these appear to be unrelated to the hydrolysis of GG 
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Since further studies are in progress on some of these enzymes, Only a few 
sahent obsen^ations ivhich differentiate some of these activities from GG 
dipeptidase will be given Unlike the GG-splittmg enz3me, which is quite 

Table II 

Differenttation of GlycylgUjcine D%pepitdase from Tnpepiide SpliUmg Enzyme 
The tests were performed at 40° in veronal buffer at pH 7 8 with a fresh extract 
of rat muscle The second senes uas performed with the same extract after it had 
been incubated at 40° for 5 hours and filtered The third series was made with the 
same extract after heating for 12 hours at 40° 


Substrate 

Protem N 
percc test 
solution 

1 

Tune 

Hydrolysis 

No acti 1 
vator 1 

0 001 U 1 

Mo++ 1 

0 001 It 
Co«- 


m 1 

hrs 

ptr cent 

per cent 

per cent 

Glyoylglycine 

0 185 

1 

3 

17 

31 


1 

2 

2 

28 

62 



4 

7 

51 

100 

Diglycylglycme 

0 185 

1 

15 

16 

20 



2 

31 

25 

49 



4 

65 

47 

107 



20 

102 

136 

191 

Glycylglycmamide 

0 370 

24 

24 

25 

1 24 

Glycmamide 1 

0 370 

24 

11 

6 

15 

Tests with same enzyme after 5 hrs 

at 40° 



1 

Glycylglycine 

0 107 

4 

2 

3 

3 



24 

11 

12 

23 

Diglycylglycme 

0 107 

2 

26 

17 

36 



4 

46 

37 

66 



6 

64 

53 

87 



24 

102 

105 

113 

Glycylglycmamide 

0 214 

24 

12 

12 

11 

Glycmamide 

0 214 

24 

6 

6 

8 


Tests with same preparation after 12 hrs at 40° 


Glycylglycme 

0 079 

4 

1 

1 1 

6 



24 

8 

10 

19 

Diglycylglycme 

0 168 

2 

21 

18 

33 



4 

40 

33 

67 



6 6 

64 

48 

79 


1 

1 

24 

98 

96 

99 


labile, the enzyme m rat muscle which hydrolyzes glycyl-L-leucme is much 
more stable at ice box temperatures Moreover, this enzyme is not 
activated by Co++ The hydrolysis of glycyl-n-phenylalamne is not acti- 
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•vated b}' Co++, but is activated hy Mn^ and to a much greater degree by 
The enz^^me vhich hi’^drol^'^zes glycyl-L-alanme is not affected 
by Co++ Leucme aminopeptidase, prohdase, and prolmase have all been 
obtained free of the GG dipeptidase 

ProdvcL of Hydi olysis — Since the action of the dipeptidase appears to be 
so specific, it was desirable to isolate the compound formed after the 
action of the tissue extiacts The expected amount of glycme v as isolated 
as the carbobenzoxy compound The details are given m the experimental 
section 



Fig 1 Stabihtj" of glycylglycinc dipeptidase as a function of pH as determined after 
incubation at 40° for 2 5 hours Residual activity of the enzjone was then determined 
in 1 eronal buffer at pH S 0 in the presence of 0 001 M Co"*^ The enzyme preparation 
vas a crude extract of rat muscle 

Stability — Fig 1 shovs the results of an experiment in which a fiesh 
extract of lat skeletal muscle vas adjusted to a senes of diffeient pH values 
vith lequisite amounts of 0 1 m NaOH or HCl After incubation at 40° 
for 2 5 houis, the solutions v ere readjusted to pH 8 0 The specific enzjune 
actuitics as determined fiom the zero oidei velocity constants are plotted 
in Fig 1 as a pcicentage of the maximal activity vhich was obseiwed 
Ihc dipeptidase is obx lously an extremely labile enzj’-me and e\en at the 
legion of maximal stability, about pH 7 5, about 50 per cent of its activity 
max be lost on standing at icc box temperatures oxernight The presence 
of 00 "*+ or l\In+^ in optimal amounts (0 001 m) improves the stability 
Eomew hat 
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Kmelics, Effect of Enzyme, pH, and Cobalt Concentration — ^The hydrolysis 
of GG follow s zero order kinetics under the conditions which we have used, 
proi ided that the measurements are made wnthm a few hours so that the 
mactn ation of the enzj-me ma 3 be considered to be neghgible In fact, the 
enz 5 "me is greatlj" stabihzed b}" the presence of its substrate Fig 2 shows 
that the amount of hj drolj sis is proportional to the en^une concentration 
over a reasonable range The values obtamed at the two lowest enzjnne 



Fig 2 Activity as a function of enzyme concentration (m mg of protein per cc ) 
for an extract of rat Bkeletal muscle The zero order velocitj constants are m per 
cent h>drol 3 ’Eis per mmute The experiments were performed ak40° m veronal buffer 
at pH 8 0m the presence of 0 001 si Co"'^ 

concentrations are somewhat low This is probably due to a partial 
inactivation of the enzjTne oi er the penod of 5 to 6 hours necessary for 
adequate measurements of hj drolj-sis At the higher enzjmie concentra- 
tions, satisfactorj^ i elocity constants could be obtamed withm 1 to 2 hours 
The presence of 0 001 u ions is sufficient to produce maximal 
activation of the enzyme Because of the labihtj’’ of the enzyme, the effect 
of different Co+^ concentrations has to be determined during a short time 
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With a high enzyme concentration The data are shonm in Fig 3 where the 
zero order velocity constants are presented as a function of log 00 **^ 
concentration Ki, the dissociation constant of a hypothetical enzyme- 
metal compound, is equal to 2 8 X 10“® m The velocity constant obtained 
Avithout the addition of metal ions is also mdicated m Fig 3 The maximal 
activation produced v as 10 times that found in the absence of Co++ 
Effect of Cysteine — When metal ions are not added to the tissue extracts, 
the hydrolysis of GG is stiongly inhibited by the presence of 0 003 m 
cysteine This inhibition, v hich can be partly reversed b}”- the addition of 
Mn++ or Co++, may be interpreted as a binding of metal ions by C 3 '^steme in 



-6 -5 -4 -3 


LOG Co*-*- CONCENTRATION (MOLES PER LITER) 

Fig 3 Activity (zero order velocity constants, iiC®) as a function of C 0 ++ concentra- 
tion for the splitting of glycylglycine by rat muscle The sohd point represents the 
activity m the absence of added metal ions Kd, the dissociation constant, is 2 8 
X 10-» M 

competition vith the protein The formation of cysteine complexes with 
cobalt and other heaA^r metals is well known (7) The GG dipeptidase is 
not related to the cj’^steme-activated cathepsins 01 to the bacterial enzymes 
vhose activity is enhanced by the presence of both cysteine and metal ions 
(I^Iaschmann (8)) 

Glycylghjcnnc Dipeptidase of Human Uterus and Other Tissues 

Tlic splitting of GG is performed by many types of tissues, and, in all 
cases, w strongh actnated by Co++ (5, Q) Maschmann (5) used, among 
other sources, In er kiclnea , and intestinal mucosa of rabbit, guinea pig, and 
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mouse These findmgs suggest that the specific dipeptidase is •mdelj- 
distnbuted m tissues How e\ er, no specificity studies seem to ha% e been 
performed 

Human uterme tissue has proi ed to be an extremely nch source of pep- 
tidases, and particularly of the GG-splittmg enzjme (6) In contrast to 

Table III 

Hydrolysis of Glycine Compounds by Tissue Extracts 


These expenments were performed at 40° m veronal buffer at pH 8 0 


I 

Thsne 

Substrate 

1 

' Protein N 
per cc. test 
solution 

I 

I Time 

I 

Xo 

acti- 

vator 

lydroli-si 

0 001 ir 
Mn++ 1 

S 

OOOlu 

Co++ 


i 

mg 

hrs 

per cerJ 

1 

per ceni 

per cent 

Human uterus 

Ghcildicine 

0 264 

0 75 

22 

54 

70 




2 

55 

98 

100 


Diglicylglycme 

0 132 

0 75 

25 

12 ' 

24 




2 

53 

34 

100 




3 

75 

52 





4 

98 

63 



Benz oyl glycyl glycine 

0 264 

24 

0 


0 


Benzojlglycme 

0 264 

24 

1 




Benzoylglycmanude 

0 264 

24 

1 

1 

0 


Glj cmanude 

0 264 

24 

6 


6 


Glycylglycmamide 

0 264 

24 

14 


10 


Carbobenzoxyglycyl- 

0 264 

24 

2 


1 


glycmamide 






Rabbit skeletal 

Glycylglycine 

0 251 

2 

5 

IS 

15 

muscle 



24 

15 

86 

82 


Diglycylglycme 

0 251 

2 

20 

36 





24 

81 

145 


Rabbit uterus 

Glycvleh cine 

0 224 

24 

20 


49 

“ heart 


0 063 

2 

2 


19 

muscle 



24 

7 


77 

Rabbit serum 

li 

0 2 cc in 

7 

8 


22 



0^ cc 

24 

14 


52 

Hog intestme 

ft 

0 80 

1 

12 


28 




4 

37 


103 

Human serum 

it 1 

0 5 cc in 

48 

IS 

46 

80 



2 5 cc 

1 

1 

1 


1 


the enzyme found m most tissues, the uterme enzyme ■was found to be stable 
for many -weeks at ice box temperatures, and this proved to be an extremelj’’ 
useful propertj’- 

Table III shons the data obtamed on the hjdrol3rsis of vanous glycme- 
contammg compounds The specificity appears to be identical -with the 
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homologous enzyme of rat muscle It should be noted that Mn++ inhibits 
the sphttmg of GGG The initial late of hydi olysis of the ii ipeptide is not 
acceleiated by Co++, but the latei hydrolysis is markedly inci eased As m 
the case of the enzyme from lat muscle, the hydi olysis of the fiist peptide 


Tabld IV 

Effect of Enzyme Concentration on Glycylglycinc Hydrolysis 
The enzyme preparation was an aqueous e\tract of acctone-dned powder from 
human uterus The tests were performed m the presence of 0 001 m CoCl- at 40° 
The solutions were buffered at pH 8 1 with veronal Ifp is given as per cent hydrol- 
ysis per minute (7° is /sT® per mg of protein N per cc 


Protein N 

Time 

Hydro!} sis 


0> 

C”, average 

mg per cc 

hrs 

per cent 




0 00452 

4 

15 

0 063 

13 9 



5 

17 

0 057 

12 6 



6 

22 

0 061 

13 5 



7 

26 

0 062 

13 7 

13 4 

0 00904 

3 5 

24 

0 114 

12 6 



4 5 

33 

0 122 

13 5 



5 5 

39 

0 118 

13 1 



6 

45 

0 125 

13 8 



7 

50 

0 119 

13 2 

13 2 

0 0181 

1 5 

22 

0 244 

13 5 



2 

29 

0 242 

13 4 



2 5 

36 

0 240 

13 3 



3 

42 

0 233 

12 9 

13 3 

0 0362 

1 

29 

0 48 

13 3 



1 5 

45 

0 50 

13 8 



2 

60 

0 50 

13 8 



2 5 

71 

0 47 

13 0 



3 

83 

0 46 

12 7 

13 3 

0 0724 

0 25 

14 

0 93 

12 8 



0 5 

28 

0 93 

12 8 



0 75 

50 

1 11 

15 6 



1 

59 

0 98 

13 5 



1 25 

73 

0 97 

13 4 

13 6 

0 109 

0 25 

23 

' 1 53 

14 0 



0 5 

49 

1 63 

15 0 



0 75 

69 

1 53 

14 0 



1 

84 

1 40 

12 8 

14 0 


bond of the tripeptide is due to a distinct enzyme In the uteime extracts, 
the Co++-activated dipeptidase is more active than the tripeptide-sphttmg 
enzyme It is obvious that as fast as GG is liberated from the ti ipeptide it 
Avill be split by the dipeptidase and thus produce an apparent activation by 
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Co++ The sphttmg of glycmamide and glycjdglycmanude is not acceler- 
ated by Co ions 

Table III also show s the activating effect of Co"*^ on the hydrolysis of 
GG by several other tissues and by human and rabbit sera Extracts of 
rabbit skeletal muscle showed the same specificity ■mth \ anous glycme 
denvatn es as that alread}’- presented for rat muscle and human uterus 
Ktnehcs of Uterine Enzyme — The hydrolysis of GG by the utenne dipep- 
tidase IS proportional to the enzyme concentration over a tested range of 
1 to 24 tunes (Table HOi and the hydrolysis follows zero order kmetics 
The experiments w ere performed by the addition of enzyme to the solution 
containing the buffered substrate m the presence of 0 001 m Co++ No prior 

Table V 

Metal Acltvalton and Inhibition of Glycylglycine Splitting by Human Utenne Extract 


Each test sample contained 0 264 mg of protein N per cc of the crude extract 
The tests were performed at 40° in veronal buffer at pH 8 0 The metal ions were 
present in 0 001 m concentration 


Substance tested 


H>dro lysis 


•15 mm ] 

90 mm 

120 mm 

165 mm 

Co-H- 

/ff 1 

74 

e<n{ 

100 

per cmt 

101 

ter cent 

Mn++ 

64 

77 

98 

104 

Mg«- 

21 

43 

55 

64 

Zn++ 

4 

6 

7 

10 

None 

22 

41 

55 

69 

Cysteine (0 03 m) 

10 

20 

29 

45 

“ + Co++ 

24 

43 

54 

64 

" + Mn++ 

17 

35 

52 

77 

Citrate (0 01 m) 

26 

47 

59 

73 


mcubation of enzyme and metal was found to be necessary, as the enzyme 
showed its full activity instantaneously This is m contrast to the behavior 
of leucme ammopeptidase (2) and prohdase (6) m which the reaction of en- 
zyme and metal takes considerable time 
The precipitate obtamed by addmg 2 volumes of cold acetone to a crude 
filtered extract of uterus could be collected and washed with acetone A 
filtered aqueous extract of the acetone-dned powder was about twice as ac- 
tive per mg of protem N as the onginal extract The ex-penments m Table 
rv were performed with an aqueous extract of the acetone powder 
The acetone-dned powder has been found to be a nch source of many of 
the peptidase activities of human uterus, and these preparations promise to 
be extremely useful m purification studies About 80 per cent of the ac- 
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tmty towards GGG is destroyed by the acetone treatment, while the dipep- 
tidase activity is concentrated about 2-foId Tins fuinishes additional 
proof that the dipeptide and tiipeptide are hydiolyzed by distmct enz 3 anes 
'pH Activity Function of Uicnnc Dipeptidase — In Fig 4 is shoivn the ac- 
tivity of the GG dipeptidase as a function of pH The enzyme is active 
over a nariow range and shows a sharp maMmum near pH 7 G The tests 
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pH 

Fig 4 Activity as a function of pH of the glycylglycme dipeptidase of human 
uterus The buffers used were veronal (0 04 m), phosphate (0 04 m), borate (0 04 m), 
phosphate citrate (0 08 m), and cacodylate (0 1 in) Tlie temperature nas 40° TJic 
enzyme vas an acetone-precipitated preparation, and vas used at a concentration of 
0 0362 mg of protein N per cc of test solution Co'*^ was present at 0 001 m 

Avere performed AVith the acetone-piecipitated enz 3 Tne Hydrolysis was 
followed until 50 to 60 pei cent splittmg had occuiied The pH was then 
determmed and found to differ by less than 0 1 unit from the initial values 
The pH measuiements weie made ivith a glass electrode at loom tempeia- 
ture 

Effect of Metals, Cysteine, and Citiate — In Table V are presented the data 
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showing the effect of vanous metals ions on the hydrolysis of GG by human 
uterus Mg++ is without any action, and Zn++ is a powerful inhibitor of 
the enzyme Cy steme is also an inhibitor, but this effect may be prevented 
by Co'^+ or hln''^' Citrate is without action on the enzyme 

DISCUSSION 

It IS difficult to relate our study of the GG dipeptidase to many of the 
earher mvestigations on “dipeptidase” because of the vanety of peptides 
vhich were then used and which were assumed to be hydrolyzed by one and 
the same enzjme from many different tissues (10) The data presented m 
this paper strongly suggest that GG is hydrolyzed by an extremely specific 
dipeptidase which has httle or no action on denvatives of the dipeptide m 
which the ammo or carboxyl groups are substituted It is also well known 
from earher observations (11, 12) that glycylsarcosme is not hydrolyzed by 
crude extracts of tissues which act on GG The peptide hydrogen is, there- 
fore, essential for the action of the dipeptidase The enzyme would appear 
to require three pomts of attachment to its substrate through the ammo 
group, the carboxyl group, and the peptide hydrogen 
While the nature of the enzyme-substrate combination is unknown, one 
observation is suggestive m this regard When glycylglycme is mcubated 
with Co++ ions at pH 8 0, a pink color develops which is much stronger than 
that given by Co++ alone Fig 5 shows the absorption spectrum of 0 01 ii 
CoCh at pH 7 8m the presence of 0 125 m GG, GGG, and glycme after the 
mixtures had been allov ed to stand for 24 hours at room temperature The 
simplest mterpretation of this phenomenon is that a specific coordination 
compound is formed at this pH The tendency of Co++ to form complex 
ammo compounds is, of course, well known 
The specific combination of GG and Co"^ ions leads to the idea that the 
function of the metal is to act as a bndge m fonrung the enzyme-substrate 
compound The specificity of the enzyme would depend, therefore, not 
only on the protem, but also on the abihty of the metal ion to combme with 
the substrate Further studies are now m progress on specific coordination 
compoimds of peptides with metal ions 

EXPERIMBNTAL 

The crude extracts were prepared by homogenizmg the tissues m a War- 
mg blendor The preparation was adjusted to pH 7 5 (phenol red) and the 
insoluble residue removed by centrifugation or filtration Smce the dipep- 
tidase of rat muscle was unstable, the extracts were prepared m the cold 
and used withm 1 to 2 hours after the death of the animal The observa- 
tions on extracts of human utenne tissue were generally made withm a few 
daj^ 
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Hydrolysis was measured on 0 2 cc samples by the method of Grassmann 
and Heyde (13) The enzyme expeiiments were pcifoimed m 2 5 cc vol- 
xunetnc flasks and at a substiate concentiation of 0 05 m Hydrolysis is 
expressed as 100 per cent for the complete splitting of one peptide bond 
Appropriate contiols were peifoimed by incubation of the tissue extracts oi 
substiates under the conditions used for the enzyme expeiiments 
The substrates used in this investigation veie prepared as desciibed in 
the bibhogiaphic citations gli'^cylglycine (14), diglyc3dglycine (14), ben- 
zoylglycylglycme (14), glycinamide hydrochloiide (15), henzoylglycinamide 



300 380 460 540 620 700 

Fig 5 Optical density of C 0 CI 2 (0 01 m) in the presence of glycylglycine, digly- 
cylglycme, and glycine at a concentration of 0 125 m The reaction was allowed to 
proceed for 24 hours at room temperature (about 30°) The measurements nerc 
made with a Beckman ultraviolet spectrophotometer and a 1 cm quartz cell 

(15), glycylglycmamide acetate (16), carbobenzoxj^glycylglycme (17), and 
carbobenzoxyglycylglycinamide (16) Analytical purity was checked by 
nitrogen content and by meltmg pomt when applicable 
Isolation of Caihohenzoxyglycine from Hydrolysis of Glycylglycine — ^330 mg 
of glycylglycme weie dissolved m water and brought to pH 8 by the addi- 
tion of NaOH For the total volume of 50 cc , an extiact of rat skeletal 
muscle was present at a concentiation of 0 28 mg of protem N per cc , 
and Co-H- 10ns at 0 001 m When the titration samples showed that 100 per 
cent sphttmg had occurred, 1 cc of concentrated HCl was added, and the 
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mixture was heated in a boding water bath for 15 minutes The solution 
was cooled, filtered Mith the aid of analjdical Cehte, and concentrated in 
vacuo to a \ olume of about 10 cc The solution w as made alkalme to litmus, 
and 0 8 cc of carbobenzoxy chlonde Mas added at 0° On acidification to 
Congo red, 620 mg of prisms Mere obtamed After recrj^stallization fiom 
chloroform the meltmg point m as 120-121° The mLxed meltmg pomt Mith 
carbobenzox"} gl} cine was 120-121° 

CioHiiOJs (209 2) Calculated, X 6 70, found, X 6 83 

The techmeal assistance of Rosalind Pack and Mane S Hanson is grate- 
fully acknoM ledged 


SUXDLUIT 

1 The hydrol 3 ’'sis of glycylglycme by annual tissue extracts is due to a 
specific dipeptidase which is strongly activated bj’' Co++ and to a lesser ex- 
tent bj^ Mn++ ions Hj drolj'sis maj’- be prevented by substitution of the 
amino group (benzo 3 dglyc 3 ’-lglycme), the carboxyl group (glyc 3 dglycina- 
mide), or both (carbobenzoxyglyc 3 '’lgl 3 'cmamide) 

2 The glycylglycme dipeptidase of rat muscle is extremel 3 ’' labde and 
shoMS maximal stabihty at pH 7 2 to 7 6 The apparent dissociation con- 
stant of the cobalt-enzyme compound is 2 8 X 10~® m Hydrol 3 ^is foDows 
zero order kmetics under the conditions used 

3 The enz 3 ’me is also present m extracts of rabbit skeletal, heart, and 
uterme tissue and m human uterus The enz 3 Tne of human uterus is stable 
at low temperatures and it may be precipitated with acetone and dned 
The hydrolysis of glycylgl 3 cme by this enzyme also follows zero order kmet- 
ics and its activity is proportional to the concentration over a wide range 
Its maximal activity is at pH 7 6 

4 Glycylglycme forms a specific coordination compound with Co++ as is 
shown by an mtensification of the Co++ spectrum It is suggested that the 
formation of such a compound ma 3 ’’ be significant for the specificity of the 
enz3me 
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Adequate criteria aie not available foi precise charactenzation of punnes 
and pyrimidines These compounds do not possess meltmg pomts suitable 
for precise characterization, do not readily form simple denvatives except 
salts, and nitrogen analyses are never adequate to detect the presence of 
small amounts of similar impurities Even their charactenstic ultraviolet 
absorption spectra aie generally unsatisfactory omng to similanties of 
spectra and difficulties m the detection of small contammations of one by 
another Recently Vischer and Chargaff (1) have begun to apply imi- 
dimensional paper chromatography to the quahtative characterization of 
veiy small samples of adenme, guamne, and xanthme 

The admirable counter-current distnbution techmque developed by 
Ciaig (2, 3) has been apphed to this problem and has proved to be a con- 
% ement and precise method for quahtative and quantitative charactenza- 
tion of mdividual compoimds and simple mixtures Estimation of the sub- 
stances present m the senes of tubes resultmg from the distnbution may be 
readily made by measurement of the partial absorption spectra The 
partition coefficients (K) found for a series of punnes and pynmidmes and 
related compounds detemuned m a system consistmg of mutually saturated 
n-butanol and 1 u potassium phosphate buffer of pH 6 5 are given m Tables 
I and II 

The conditions desenbed are particularly advantageous for the separation 
of adenme and guamne The homogeneities (4) of samples of these punnes, 
isolated in the course of certam metabohe experiments (5), have been 
demonstrated to mthin 1 or 2 per cent The presence of small amoimts 
of adenme in commercial samples of hypoxanthme and of guanme m com- 
mercial adenme has been readily demonstrated, and routme charactenza- 
tions have been made of compounds and mixtures encountered m the 
course of certam synthetic work 

Although the separation of mixtures of the nucleotides v ould reqmre an 
unpractical number of transfers, they aie readily separated from the nucleo- 
sides and from the free bases, and this offers an excellent means for rapid 

* The authors gratefully acknowledge the use of funds from the Office of A’aval 
Research and the Barker Welfare Foundation 
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analysis of the pioducts of hydiolysis of the nucleotides For instance, the 
hydiolysis of cytidyhc acid in 6 N HCl at 135° foi 1 hour yields a mixtuie 
of unchanged cytidyhc acid, cytidine, and cytosine 


Table I 

Partition Coefficients in n-Butanol and 1 n Phosphate, pH 6 5, System 




Partition 

coefli 

cicnt* 

Concentration 
in Tube 0 

Absorption 

maxima 

Purines 

Adenine 

2 77f 

fuf fer cc 

2 65 

tn/i 

260 

1 

Guanine 

2 14t 

0 45 

0 12 

0 11 

247,274 


Hypo\anthine 

0 64 

2 00 

250 


Xanthine 

0 46 

0 15 

269 


Isoguaninef 

0 28 

0 66 

239, 286 


Uric acid 

0 11 

Saturated 

240, 293 


2-Thioadeninet 

0 48 

0 S 

228, 256-262, 


2, 6-Diaminopurinef 

r. 

0 46 

shoulder at 
283 

250, 281 

Pyrimidines 

Thymine 

1 11 

2 00 

265 


Uracil 

0 401 

2 00 

260 


Cytosine 

0 400 

0 207 

0 56 

2 00 

267 


Uramil 

0 206 

0 029 

0 50 

Saturated 

End-absorp- 


Barbituric acid 

0 069 

tt 

tion 

275 


4, 5, 6-Triaminopyrimidinc 

0 490 

0 25 

278 


4,6-Diamino-5-formamido- 
1 ^ 

pyrimidine 

0 16§ 

0 30 

260 


4, 6-Diamino-5-thioformami- 
dopyrimidine 

0 96 

0 5 

260 


4,6-Diamino-5-benzeneazo- 

pyrimidine 

6 12 

0 16 

246 


2,4,5,6-Tetraminopyrimidine 

0 048 

0 48 

275 


* Calculated from tuelve or twenty-four transfer distributions 
t Variations in the constant for adenine are not directly proportional to con- 
centration but are perhaps associated with the purity of the butanol utilized 
J Prepared by Dr Aaron Bendich 
§ This figure was erroneously given (5) as 0 225 

Under conditions that aie the basis for a quantitative estunation of 
purines (6) (1 n HCl at 100° for 1 hour) adenylic acid was demonstrated to 
be completely hydrolyzed to adenme Under these conditions the hy- 
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drotysis of yeast (pentose) nucleic acid yielded only the punnes, adenine 
(concentration mavimum in Tube 18 out of twenty-four) and guanine (Tube 
7), and pj^ninidme nucleotides (Tubes 0 and 1) Thymus (desoxypentose) 
nucleic acid led to a similar distnbution pattern with the addition of a 
trace of material of /!l = 1 0 ± 0 1, probably th3Tmne The materials 
m Tubes 0 and 1 m this distnbution (apparent K = 0 014, Xmax = 267) 
■nere undoubtedly the pynmidme desox3Tibotides, mdividual samples of 
■nhich i\ere not available for determination of constants The work -mth 
paper chromatography (1) has also detected no punnes other than ademne 
and gu anin e m nucleic acid hydrolysates The more vigorous hydrolysis 
conditions necessaiy to spht the pymmdme nucleotides have been shown 
to result m extensive decomposition of the free punnes, and apphcation of 


Tabix n 




Partition coefficient 

Nucleosides 

Adenosine 

0 76 


Guanosine 

0 12 


Inosine 

0 12 


Xanthosme 

0 05 


Undine 

0 12 


Cytidine 

0 08 

Nucleotides 

Adenylic acid 

0 02i 


Guanyhc “ 

0 02o 


Uridylic " 

0 Olt 


Cytidylic “ 

0 011 

Miscellaneous 

Picne acid 

9 2 


Brucine 

1 3 


the technique for further charactenzation of nucleic acids must await 
studies of the hydrolysis of nucleic acids and their components 

EXPERIMENTAL 

Approximately 0 2 to 2 0 mg per cc of the compound or mixture to be 
distnbuted was dissolved m butanol-saturated 1 m phosphate buffer of pH 
6 50, or if the mixture were a solution, the pH was adjusted to 6 5 and the 
buffer concentration was adjusted to approximately 1m 8 cc of the solu- 
tion were introduced into the first compartment (Tube 0) of a twenty-five 
compartment distnbution machine (2) The distnbution (2) was usually 
earned to twenty-four transfers, although m the case of mixtures of ademne 
and guamne twelve transfers are sufficient, while m the case of uracil and 
cytosine 56 transfers are needed to obtam a rehable charactenzation of 
both components Typical distnbution curves are illustrated in Figs 1 
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and 2 When the distribution was completed, the contents of the compart- 
ments were siphoned into sepaiate test-tubes From each of the tubes a 
homogeneous mixtuie of 1 cc of each phase and 3 cc of 45 pei cent aqueous 
ethanol was prepared With mitial concentrations m the range of 0 2 
to 1 0 mg per cc this dilution gives appropriate concentrations for direct 
measurement of the optical density in a 1 cm cell in the Beckman model 



Fig 1 Commercial adenine (initial concentration 2 65 mg per cc ) containing 
about 6 per cent of guanine, twenty-four transfers Observed points O, calculated X 



Fig 2 Cytosine (0 20 mg per cc ) and uracil (0 20 mg per cc ), 56 transfers 
Observed points O , calculated X 


DU spectrophotometer If the solutions are moie concentrated, larger 
volumes of ethanol may be used for the dilutions 

The optical densities at 260 mp, or some other more appropriate wave- 
length, of each of the solutions were measured and were plotted agamst tube 
number, givmg the distribution pattern Calculation of the partition 
coefficients and construction of the theoretical curves for estimation of 
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homogeneities ■nere made according to Wdhamson and Craig (4) ^ With 
the exception of that of ademne, the partition coefficients ha\ e been re- 
producible withm ±2 per cent Complete absorption spectra were de- 
termined on selected tubes for further quahtative charactenzation 
The components of certain nuxtures not readil}’’ separated by the solvent 
pan- used, for instance mixtures of guanme inth hypoxanthme or with 
uracd, have been determmed by a spectrographic method The extmction 
coefficients at 264 5 m/i of guanme and hj^poxanthme are equal, and at 
256 5 m/1 those of guanme and uracil are equal The absorption at these 
v a\ e-lengths permits calculation of the total concentration of either of these 
pairs of substances The values of the extmction coefficients of artificial 
mixtures of guanme mth h3’po\anthme and of guamne with uracil v ere de- 
termined at 285 m/1 and plotted against the mole per cent of guanme 
From the straight Ime graph thus obtamed the mole per cent of guanme 
may be determmed 

Difficulty IS encountered m gettmg sufficient pure guamne mto solution, 
particularlj' m buffers of high salt concentration, but m mixtures with 
other purmes or pynmidmes, guanme is somewhat more soluble The 
buffered solvent pair descnbed facihtates the analysis of solutions or im- 
pure sohds smce pH adjustments may be readilj’' made For preparative 
distributions, it has been advantageous to use only butanol and water, m 
which the partition coefficients have approximately the same values, and 
from which reisolations may be more easily accomplished The use of a 
solvent pair consisting of ii-butanol and water with 0 1 per cent of benzyl- 
tnmethylammonium hydroxide and 28 per cent of isopropanol appears 
to offer certain advantages and is bemg further investigated 

SUMMARY 

The counter-current distnbution techmque has been apphed to purmes 
and pynmidmes and their denvatives as a precise method of both char- 
acterization and determmation of homogeneity 
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(Received for publication, December 5, 1947) 

Aldolase, the enzj^me that cataij'zes the reaction, fructose-1 , 6-diphos- 
phate — D-glj'ceraldeh5'de phosphate -L dih5'^dro\j acetone phosphate, 
v\as desciibed and investigated in detail bv’’ IMejerhof and Lohmann (2) 
Herbert, Gordon, Subrahmanyan, and Green (3) purified aldolase from 
labbit muscle and obtained an amorphous product which was electro- 
phoi eticallj’’ homogeneous (4) Warburg and Christian (5) crj^stalhzed 
aldolase from rat muscle and reported a vmlue for the “turnov er number” 
which was about twice that found bj’- Herbert et al for their best prepara- 
tion 

Seemingl} unrelated to these observations w as the isolation from rabbit 
muscle b}' Baranowski (6) of two crj’-stalhne proteins designated m 3 mgen 
A and mjmgen B Baranowski assigned no enzjmatic activity to these 
myogens and the methods he used appeared to differ from those used for 
the isolation of aldolase He crj'stalhzed m^mgen A, in the form of hexag- 
onal bipjTamids, from ammonium sulfate solution at pH 6 and he stated 
that acetone could noi be used successfullj’’ in the isolation of the protein 
Waiburg and Christian did use acetone in then fractionation procedure 
and thej’’ crj'stallized aldolase, m the form of thin six sided plates, from 
ammoniacal ammonium sulfate solution Herbert et al fractionated the 
enzvme w ith ammonium sulfate and stated that acetone inactivmtes ev en 
at 0° 

Engelhaidt mentioned in a revuew (7) that aldolase activitj’’ had been 
obseived in mjmgen A cij^stals He suggesced that mjogen A mav^ be 
identical w ith aldolase, but the turnover numbei he reported is quite low 
Meveihof and Beck (8) found that m 3 mgen A, prepared b 3 ' Baranow ski’s 
piocedure, showed aldolase actmtv^ that increased from about 0 1 unit 
per mg of piotein for the first cr 3 stals to about 0 7 unit per mg of protein 
aftei the six-th iecr 3 ^stalhzaaon, but even this prepaiation had but one- 
sixth the actmt 3 ^ reported b 3 ’^ Warbuig and Christian for cr 3 'stalhne rat 
aldolase The 3 ^ concluded that m 3 0 gen A is not aldolase 

* This work was supported in part bj a grant from the Rockefeller Foundation 
A preliminarv report was presented before the annual meeting of the American 
bocictv of Biological Chemists at Atlantic Citv , 1946 (1) 

t Present address, Cleveland Clinic, Cleveland, Ohio 
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Fig 1 Crystalline rabbit aldolase, needles dark-field, 600 X 
Fig 2 Crystalline rabbit aldolase, plates, 150 X 

diffeied m othei lespects fiom the method outlined bjr Baianowski (6), 
except in the method of ciystalhzation fiom ammonium sulfate solution 
at pH 5 8 Each of these thiee ci j'^stalline pioteins pioved to possess high 
aldolase activity 

The bipyiamids could be conveited into needles and the needles, oi the 
hexagonal plates, into bip5aamids by cij'’stalhzation fiom ammonium 
sulfate at pH 7 5 and 5 8 lespectively The aldolase activity of each of 
the thiee ci 3 ^stalhne foims was the same and did not change upon intei- 
convei sion 
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Crj stallmc aldolase as also prepared fi om rat muscle (Fig 4) bj’- the 
method of Warburg and Christian (5) The aldolase actmfc 3 ’’ of this 
prepaiation uas the same as that of the rabbit protein nhen either of tno 
test s\ stems n as used, one based on chemical analj sis, the other on optical 
measurements 



Fig 3 Fig 4 


Fig 3 Crjstalhne rabbit aldolase, hexagonal bipyramids prepared from needles, 
150 X 

Fig 4 Crjstalhne rat aldolase, 150 X 

EXPERIMENTAL 

Aldolase from Rabbit Skeletal Muscle, Crystallization As Needles — This 
method, because of its simplicity and reproducibihtj'’, is recommended 
for the isolation of aldolase Over 60 preparations accordmg to this method 
have been carried out m this laboratory The ground skeletal muscle 
of a rabbit is extracted in a cold room at 5° v ith tv o equal portions of 
cold vater (or cold 0 03 N XaOH or KOH) and strained through gauze 
The cold extract is first brought to pH 7 5 vith dilute NaOH and then to 
0 5 saturation bj'’ the addition of an equal volume of (NH4)2S04 solution 
(saturated at room temperature and adjusted to pH 7 5 bj^ the addition 
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of concenti ated NH3) The solution is cooled to 0° and the piecipitate 
IS lemoved by filtiation in the cold 100 m To the cleai filtrate is added 
enough satuiated (NIi 4 ) 2 S 04 solution, pll 7 5, to make the satin ation 
0 52 (4 ml of (NH 4 ) 2 S 04 solution foi each 100 ml of filtiate) The solu- 
tion IS stilled fiequently uhile standing m the cold Aftei some houis, 
often 12 01 nioie, the piesence of fine ciystals can be detected bj’’ the 
“sheen” Yhen fhe solution is stiiied, the ciystals do not settle on standing 
Initial cij^stalhzation may be speeded bj’’ alloiMiig the solution to ivaim 
to loom tempeiatuie, followed by a letuin to the cold 100 m Fuithei 
standing foi seveial daj'^s is advisable foi a maximum viclcl The ciystals 


Tabi c I 

Cryslalhzalion of Aldolase, Sample Pioloeol 



Protein 

rnr\mc 

Units per 
mg protein 



gm 

units 


Exti'ictfiomSOOgm of 

labbit skeletal 

24 0 

2136 

0 089 

muscle 

1 





Saturation 




Fractionation w ith 

0 -0 40 

4 1 

131 

0 031 

(NH4)oS04 

0 40-0 50 

0 C 

01 

0 152 


0 50-0 52* 

2 43 

1631 

0 671 


Supernatant fluid 

17 1 

205 

0 012 

Total iccovered 

24 2 

205S 


0 50-0 52 fiaction, leci j stallized 

0 684 


* Ciystalline 


can then be lemoved b}^ filtiation 01 high speed centi ifugation The 
sample piotocol in Table I shows that the sepaiatioii is sliaip, and that 
the activity of the fust cij'^stals is high and inci eases but shghth’' on le- 
ciystalhzation The jueld of fiisu ciystals coiiesponds to about 75 pei cent 
of the aldolase activit}’' in the ciude aqueous extiact and amounts to 10 
pel cent of the exti acted pioteins 01 0 35 gm pei 100 gm of muscle 

Rccujslalhzalion — The piecipitate of fine needles is dissolved in a little 
ivatei and bi ought to pH 7 5 A small amount of amoiphous mateiial 
may be lemoved by bunging the solution to incipient tiiibidit}’' with 
(NH ) 2 S 04 at pH 7 5 and letting it stand foi seveial houis in the cold 
Ciystals begin to sepaiate upon the cautious addition of satuiated (NH 4 ') 2 - 
SO4 solution, pPI 7 5, at less than 0 5 satui ation m the cold The piotem 
can be 1 eci j^stalhzed at 100 m tempeiatuie in the same waj^ Since this 
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protein is less soluble at room temperature than m the cold, at concentra- 
tions of (XHi)cS 04 Iiigher than about 0 4 satuiation, it can also be recrj's- 
tallized Y ith the aid of this propert}' 

These fine crystals are difficult to see under the microscope, smce the 
contrast is slight It has been impossible to make certain that their 
appearance as needles is not misleading, and that thej^ are not, in reality, 
extreme!} thin plates seen on edge Then appearance in a dark field, of 
which Fig 1 IS an inadequate representation, seems to mdicate needles 
Cryslallizalion As Plates — Tilien aldolase needles are dissolved m vater, 
brought m the cold to incipient turbidityv ith (NH,);SO, at pH 7 5 (about 
0 4 saturation), and allowed to varm graduall}’’ to room temperature, the 
protein has occasional!} been found to separate as beautiful large sl\ sided 
plates (Fig 2) The plate form has been reco\ ered upon recr} staUization, 
with seeding, but it has not proi ed possible to convert the needle form to 
the plates ever}’’ time it has been attempted The factors vhich control 
this behavior have not been determmed The plates as v ell as the needles 
can be converted to bipyramids (see belov ) 

Cryslallizalion As Bipyramids — These cr}’’stals were obtamed from rab- 
bit muscle as a b}'-product m the purification of the enz}Tne phosphoglu- 
comutase An exiiract was prepared as described above and all steps of 
the fractionation v ere carried out m a cold room at 5° The precipitate 
that formed between 0 4 and 0 6 saturation with (NH4):S04 at pH 7 was 
collected b}* filtration and dissolved m 1 per cent sodium gl}'cerophosphate 
solution (5 volumes of solution to 1 volume of precipitate) To this solu- 
tion, cooled to 0°, ice-cold acetone vas slowly added to a concentration of 
41 per cent, the precipitate was discarded by centrifugation, and the 
concentration of acetone m the supernatant fluid brought to 55 per cent 
After the second acetone precipitate was dissolved m 1 per cent glycero- 
phosphate solution, the successive fractionation with (NH4)2S04 (between 
0 4 and 0 6 saturation) and with acetone (between 40 and 55 per cent) 
was repeated The acetone precipitate was dissolved m 0 3 saturated 
(NH4)2S04, pH 7, insoluble material was discarded, and the supernatant 
fluid was brought to 0 45 saturation It was at this step m the procedure 
that aldolase could be separated from phosphoglucomutase The cold 
0 45 satiuated (NH4)2S04 solution of protem was warmed to 25°, with 
constant stirring, by bemg placed m a water bath at 30° The hearty pre- 
cipitate that formed (which could be redissolved completel}’’ by cooling 
the solution agam to 0°) was separated by eentnfugation at room tempera- 
ture and dissolved m a small volume of ice-cold water To the clear 
solution, saturated (NH4)2S04 solution (pH about 5 7) was added dropwise 
ivith stirrmg until a faint turbidit}’’ had developed It was then left at 5° 
Bipyramidal sue sided cr}'’stals appeared after several days Further addi- 
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tion of satuiated (NH4)2SOi solution led to fuitliei ciystallization These 
crystals weie veiy large and weie fiee of visible amoiphous “backgiound” 
upon micioscopic observation ' The cij’^stals wcie centiifugcd in the cold 
and brought into solution in ice-cold water in which they dissolve veiy 
slowly Eecrystallization fiom a solution containing 1 pei cent piotein, 
or moie, was lapid when satuiated (NIIOsSO} solution was added to faint 
turbidity and the solution was seeded The second crystals vcrc smaller 
than the fii st 

The hexagonal bipyiamids shown in Fig 3 veie actuallj’’ piepaied fiom 
aldolase needles, but camiot be distinguished by or dinai y visual observa- 
tion fi om the 1 eciystallized bipyi amids pi epai ed as desci ibed above The 
several varieties of hexagonal bipjo amids, described by Chrobak and 
Baianowski (9) for then piepaiation of m5mgen A, have not been detected 
among oui ciystals 

Inierconversion — ^To a clear solution, prepared fiom the aldolase needles 
and containing about 2 pei cent piotem, satuiated (NIl4)2S04 solution that 
has not been neutialized (about pH 5 7) is added in the cold until a very 
faint tuibidity persists This is oidmaiily sufficient to bring the entire 
solution to pH 6 oi slightly less Typical hexagonal bipyi amids separate 
in 20 to 48 hours if the solution is seeded (Fig 3) These crystals, or the 
bipyiamids piepaied directl}’- fiom the muscle, dissolved in vatei, can 
easily be conveited to needles by crystallization from (NH4)2S04 at pH 7 5 

Crystalhne Aldolase fiom Rat Skeletal Muscle — ^The skeletal muscle 
from nine lats, amounting to 780 gm , ivas ground and extracted with 
watei All subsequent opeiations weie performed at 0-4° and followed 
the procedure outlined by Waibuig and Christian (5), except as mentioned 
After the pielimmaiy fractionation with acetone had been completed, 
it was found that the protein was moie soluble in the indicated concen- 
tiations of (NH4)2S04 at 0-4° than was anticipated fiom Warburg and 
Christian’s diiections, while upon raismg the temper ature of the solution 
to about 20° much of the protem precipitated This fraction was sepai ated 
by centrifugation at loom temperature and preserved, since the precipita- 
tion on waimmg resembled the behavior of rabbit aldolase Fractionation 
of the rest of the material according to Warbmg and Chiistian (5) was 
continued at low temperature Aftei two fractionations with ammoniacal 
(NH4)2S04, mstead of the four which they described, it proved possible to 
crystallize both the fraction separated by warming and the one fractionated 
at low tempeiatuie The crystallization was accomplished with ease by 
addmg saturated ammoniacal (NH4)2S04 solution to the ice-cold concen- 

1 In our evpeuence the first myogen A crystals obtained by the Baranowski pro- 
cedure (6) are usually contanunated with a consideiable amount of amorphous mate- 
rial, which continues to appear on successive recrystallizations 
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Irated protein solution until faint turbiditj developed and then alloving 
the solution to varm slovlj’’ to room temperatuie Eecrj^stalhzation fol- 
lowed the same procedure The crystals (Fig 4) have the same charac- 
teristic appearance as those show n m the paper b}’’ Warburg and Christian 

( 5 ) 

We did not mvestigate m this preparation whether anj’' of the other 
steps in the Warbuig and Christian proceduie might be ehmmated, except 
that the protein separated b}’’ w armmg crj-stallized w ithout hanng been 
treated with alumina cream, these ciystals had the same aldolase activity 
as those prepared by the more elaborate method, mcluding alumma cream 
treatment 

Aldolase Aclmly, Chemical Test — ^The chemical test used by Herbert 
el al (3) has been modified for convenience m several particulars The 
substrate solution contains 0 01 v fructose-1 , 6-diphosphate- and 0 1 ji 
glycme buffer at pH 9 0 The enzyme solution is prepared b 3 ’’ dilution 
with 0 1 M KCN solution acidified to pH 9 0® To 0 1 ml of substrate 
solution in a Pyrex test-tube in a bath at 30° is added 0 1 ml of enzjTOe 
solution and the reaction is allow ed to pi oceed foi 5 mmutes It is stopped 
by the addition of 1 0 ml of 1 n NaOH, freshly piepaied each day (to 
avoid S 1 O 2 ) After 15 mmutes at 100 m temperature, foi the h 3 ’'drol 3 'sis 
of the alkali-labile tnose phosphate formed in the reaction, the solution 
IS neutralized with an equivalent amount of HiSO^ The reagents for the 
determination of morgamc phosphate according to Fiske and Subbarow 
(11) are then added directly, the final volume bemg 10 ml The color is 
measured in the Edett photocolorimeter w’lth Filter 660 

Optical Test — The crystallme D-gl 3 ''ceialdeh 3 ’'de phosphate deh 3 ’’drogenase 
from rabbit muscle (12) has been used, mstead of the correspondmg 3 ’-east 
enzyme, m the optical test described by Warburg and Christian (5) Since 
the dehydrogenase is present m excess, the aldolase concentration deter- 
mmes the rate of the reaction The rate of reduction of diphosphopyridine 
nucleotide (DPiV) is followed by measurmg the absorption of light at 340 mp. 
wuth the Beckman spectrophotometei The concentrations of reagents are 
those used by Warburg and Christian, except that of DPN, which is lower 
Tests show ed that w hen DPX was added m one-half the usual concentra- 
tion this did not affect the rate The concentration of DPX has been 
determined at 340 m/* after complete enz 3 matic reduction b 3 ' gl 3 ’'ceral- 

- Fructo3e-l,6 diphosphate (a commercial sample of the calcium salt obtained 
from the Schii arz Laboratories) gave a high blank in the chermcal test It was puri- 
fied by precipitation as the monobanum salt (10) and converted to a solution of the 
sodium salt for use 

• In order to extend the range of proportionality of en 23 Tne action on dilution, it is 
desirable to add a protective protein 0 2 mg of recrj stallized human serum albu- 
nun in 1 ml of cyanide solution has been found satisfactoxy 
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dcliyde phosphate m the piesencc of the dehydi ogenase and arsenate 
Ohlmeyei’s value of the extinction coefficient (13) vas used in the calcula- 
tions 

The value of the aldolase activity at a fixed tempeiature is not easily 
obtained in the optical test, since the temperatuie uses considerably within 
the absoiption cell of the Bechman specti ophotometei as the latter is 
constiucted at piesent The tempeiatuie has been measuied vithin the 
cell at the end of each expeiiment and the data have been coriccted to 30° 
with the aid of the temperature coefficients given b 3 ’’ Heibert ei al (3) 
Concoidant values upon duplicate experiments aie thus obtained 

Piotein concenti ations m solutions of ciystalhne aldolase weie deter- 
mmed optically, fiom the absoiption of light at 280 mju measuied in the 
Beclcman spectrophoLometei Piotem concentration (mg per ml ) = 
(— logio T)/Kl where K = 0 806 and I is in cm Protein concentrations, 
especially in ciude fi actions, weie also determined bj’' the quantitative 
biuiet method of Robinson and Hogden (14) 

The lesults have been expressed in Table II both in aldolase units and as 
a turnovei number 1 unit lepiesents 1 mg of P tiansformed in 1 minute, 
under the experimental conditions shown in Table II The tui never 
number has been calculated in teims of the number of moles of hexose di- 
phosphate transfoimed in 1 minute by 150,000 gm of protein Since each 
of the pievious woikeis had used somewhat different methods of expressing 
activity, the results fiom the hteiature given in Table II have been recal- 
culated in the teims just desciibed 

No details are given by Engelhaidt (7) as to how the value foi the tuin- 
ovei numbei of aldolase was obtained, but in an}’’ case the value is very 
low The tui novel number given foi myogen A by Meyeihof and Beck 
(8) at 37° IS the same as that we have found at 30° Since the tempei ature 
coefficient, Qw, is close to 2 (3), it follows that the protein described m 
this paper is considerably moie active than lepeatedly lecrystalhzed m}^- 
gen A 

According to their chemical test, the prepai ations of Heibeit et al 
(3) appear to be moie active at 30° than oui prepai ations, but this is prob- 
ably due to differences in the methods used foi measuring activity lathei 
than in the puiity of the pieparations That the chemical test may need 
leexammation is indicated by the fact that we have obtained at pH 9 in 
the chemical test the same activity as at pH 7 6 in the optical test Since 
aldolase is about 25 pei cent moie active at pH 9 than at pH 7 6 (3), it 
would appear that our chemical test gives values which are too low 

This figure was chosen to represent the molecular weight on the basis of Graldn’s 
results with m 3 mgen A (15) The minimum molecular weight calculated from ammo 
acid analyses of aldolase (16) is of the same order of magnitude and the difi’usion 
constants of the two proteins agree closely 
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Warburg and Christian (5) have pointed out that their rat aldolase prep- 
arations n ere tv ice as active as the rabbit aldolase preparations of Herbert 
et al (3) This might have been due to species difference, but the data m 
Table II shov that our rat and rabbit preparations have the same actmty, 
both m the chemical and m the optical tests 
With the same optical method as that used bj' Warburg and Christian 
V e found at 30° about 40 per cent of the actmty, for crj'stalhne rat aldolase, 
that might have been expected from the measurements of these authors at 
20° and 38° We have explored the effect of variations m concentrations 
of substrate and other components of the reaction mixture without detect- 

Table II 


Aldolase Aclimltes of Various Preparations 


Investigators 

1 

* Source 

t i 

pH 

Chemical 

test 

Optical 

test 

Turnover 

ivo 


1 

•c 


urtts per 

units per 





mg protein 

mg protein 


Engelhardt (7) 






1,000* 

Mejerhof and Beck (8) 

Rabbit 

37 

t 

0 7 ! 


1,690 

Herbert el al (3) 

a 

30 

7 3 

1 It 


2,6S0t 



38 

7 3 

2 0 


4,950 

Warburg and Christian 

‘ Rat 

20 

7 6 

i 

0 89 

2,150 

(5) 

f 

38 

7 6 

1 

1 

4 31 

10,430 

This investigation 

' Rabbit 

30 

7 6 


0 70 

1,690 


1 

30 

9 0 

0 69 


1,670 


1 Rat 

^ 30 

7 6 


0 73 

1,770 


' 1 

30 , 

9 0 

0 69 1 


1,670 


*Xot recalculated Details of the original measurement and calculation not 
given (7) 

t pH not clearlj stated but presumably near 7 6 
t Estimated from Fig 3, Herbert el al (3) 

mg significant differences In particular, the presence of C 3 ’'steme is neces- 
sarj’’ for the full actmty of the glj’'ceraldehj’'de phosphate deh 3 ’’drogenase 
from muscle (12), which ve used m the optical test Warburg and 
Christian (5), who used the correspondmg enz 3 "me from yeast, state that 
m their optical test cysteme v as ordmaril 3 '’ used, except v hen the aldolase 
had been crystalhzed To avoid the possibiht 3 ' that the known reaction of 
cysteme vith gtyceraldeh 3 ’’de phosphate might have mterfered, we have 
substituted glutathione with identical results 
The reason for the discrepanc 3 ' between the values of Warburg and 
Christian and our ovn has not been explamed The data given m the 
next section show that the protems from both rat and rabbit muscle proved 
to be electrophoreticall 3 ' homogeneous over a vide pH range 

In viev of the fact that the same actmty v as obtamed for each of the 
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thiee ciystalline modifications of the labbit piotem, that the activity le- 
mamed the same on intciconveision of these diffeienl ciystal foims, and 
that the same activity was also obtained foi i at aldolase ci ystalhzed accoi d- 
mg to Waibuig and Chiistian, ve aie of the opinion that these pioteins 
lepiesent the enzyme aldolase Fuithei w oik is in pi ogi css to examine the 
exact lelation between the myogeii A piepaiations of Baianovski and oui 
prepaiation of aldolase 

Electrophoi esis — The electiophoictic mobihtj’’ and homogeneit 3 " of civs- 
talhne piepaiations of aldolase haxe been investigated m the Tischus ap- 
paiatus (17) equipped with the long centei section (Longsnoi-th cl aJ 
(18)) The cjdindiical lens optical system (Philpot (19)) has ordinal ilj’- 
been used Expeiiments have been peifoimed at 2°, ovci the pll lange 
5 2 to 8 6, in acetate, phosphate, oi veional bulTeis of ionic stiengfch, 
r/2, 0 1 Phosphate buffeis Avere piepaied accoidmg to Gieen (20), 
all Aveie checked AAuth a glass electiode pII metci, sensitn^e to ±0 02 pll 
The pH of 0 05 u potassium acid phthalatc aa as taken as 4 00 (at about 
20 °) 

Fiom a comparison of the electiophoictic schhcicn diagiams foi Ihe 
labbit muscle extiact and foi aldolase (Fig 5, a and h), it max' be noted 
that aldolase foims pait of the laige piotein component that moves most 
sloAAdy at pH 7 4 D-Gl3''cei aldehyde-3-phospha1 c doh 3 ’’di ogenase also 
forms pait of this component (12) 

Fig 5, b, obtained AVith fiist ci 3 ''stals fiom labbit, sIioaas a mam com- 
ponent and a small, fast moAung peak, aaIucIi is absent aftei i eci 3’’stalhza- 
tion, Avhile the mam peak i emams unchanged On the descendmg schhei en 
diagiam of Fig 5, b, theie will be noted a thin “spike” on the side of the 
mam peak This has appealed in e\mi 3 ’' electiophoietic diagiam of le- 
ci ystalhzed labbit oi lat aldolase on the descending side onp^ 

The appeal ance of the spilie is similai to that of the so called “i3-anomal3"” 
obseived in electrophoietic diagiams obtained A\ith blood plasma (21) 
In a similai fashion the spike appeals to be associated A\ith the appeal ance 
of a thin plane of tuibidity Avhich can just be detected at the descendmg 
boundaiy by diiect inspection of the cell The appeal ance of the spike 
dining electi ophoi esis may mean that aldolase itself piecipitates undei the 
influence of the conditions that obtain in the descendmg boundai 3^ Thei e 
IS no eAudence at present to implicate a lipide 01 hpopiotem, extinction 
of aldolase Avith ether m the cold is ai ithout effect on the spike, wdiile the 
anal3d;ical data on the dried pi otem leave little 1 00m foi such a component 
(16) 

With the exception of the spike phenomenon, the leciystallized labbit 
piotem shoAved a high degiee of electrophoietic homogeneitj'' ovei the pH 
range 5 2 to 8 6 
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Flo 5 Elcctiophoiotic sohlioiou duvgiiims lu phosphate buffer, pll 7 t, loiiic strength 0 1, aftei I houis at 2' 
, original extract of muscle, h, fraction ciystalhzcd between 0 50 and 0 52 satuiation A\ith (Nlli) SOi at pll 7 5 


C02 


cm STALUM!. VSl. 


Fig G icpiesents the vaiiation m the elect lophoi el u mohilih of lalibit 
aldolase fiom pH 5 7 to 7 S The ascending and descending mobilities 
(collected foi cyhndiical lens cnoi) aie geneiallv (lUite close, and Innc 
been aveiaged In seveial instances labbit aldolase (lystalhzed both as 
needles and as bipyi amids pi oved 1 o have 1 he same mobiht y undei idenl ical 
conditions The points have been ( onnected by a smoot h fi ee-hand c in ve, 
establishing the isoelecti le point nndei these conditions at pll G 05 Fate- 
Smith (4) detei mined the electiophoietic moblht^ of a pin died aldolase 
piepaied by Ileibeit el al (3) at pTI 0 0 and 7 0 and estimated the isoelcc- 
tiic point to be about pll 0 3 



pH 

Fig 6 Electiophoietic mobiliti of cr>stallint iltlol isc in sq cm voIt“* sec X 
10^ at 2° in phospliate buffeis of ionic sticnglh 0 1,0 labbit, • rat 

The mobiliij of lat aldolase is consideiably gieatei than that of labbit 
aldolase at thiee pH values and undei the same conditions Extiapola- 
tion, as indicated in Fig G, v ould give the isoelecti ic point of the i at pi otein 
as pH 5 7 The lat aldolase is also electiophoieticalh homogeneous o^el 
this pH lange 

Mobilities obseived in acetate buitei, pH 5 2 and 5 G, and m diethyl 
baibituiate butfei, pH 8 6, do not fall on the cune foi phosphate buffei 
shovn in Fig 6 Specific effects of buffei species on mobiht v have been 
lepoited in othei instances {eg , Davis and Cohn (22)) 

Diffvsto ?! — The diffusion constant of labbit aldolase has been mea- 
suied in the electi ophoi esis cell vith long centei section as desciibed b5^ 
Longsnoith (23) and tested in this laboiaton’’ by Gieen (24) Phosphate 
buffei, r/2 = 0 l,pH = 7 1, n as used and the expeiiments n eie peifoimed 
at 2° Two sepal ate expeiiments weie earned out The lesults weie 
computed sepaiately foi each of the twm limbs of the cell, fiom enlaiged 
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tracings of schlieicn 'scanning pliotogiaphs, according to the relations 
D( = A-fi-tHn- and = ti"f2l, r\herc A is the aiea under the diffusion 
(Ingram in sq cm , / is the time m seconds, is the maximum height of 
the cur\c in cm , and fi is one-half tim bieadth of the cur\e, m cm , at its 
inflection point, iihere Hp = Hr„l\/e The values obtained at a numbei 
of different times vcie essentially constant during an expeiiment lasting 
220 hours The method of moments, applied to a feu individual diagrams, 
gaie aalues consistent with those obtained b3’’ the other two methods 
\ few curves were also compared with noimal distribution cunes, ivith 
satisfacforj agreement (25) 

The average v aluc in w atei it 20° w as foi D i 4 58 and foi D,, 4 68 X 
10~' sq cm sec The average, 4 63, is quite close to the value of Ao w 
= 4 78 X 10“' sq cm sec obtained by Gialen m a stud}’- of the physical 
constants of crjstallme mjogen from labbit muscle (15) 

The authors wish to thank Mr Robert Loeffel foi assistance m carr3''mg 
out a number of the diffusion and electrophoresis measurements reported 
in this paper 


SUXIilARY 

1 The enzyme aldolase has been isolated from rabbit skeletal muscle m 
the form of fine needles or hexagonal plates by crj’-stallization from 
(NH4)5S04 at pH 7 5 or m the foi m of hexagonal bipjn amids by crystalhza- 
tion from (N'H4)2S04 at pH 5 8 These crj'stal forms can be mtei converted 
by crj-^stallization at the appropriate pH without change m the specific 
aldolase actmt}' The turnover number corresponds to the sphttmg of 
1670 moles of fructose diphosphate by 150,000 gm of protem m 1 minute 
at 30° and pH 7 6 Aldolase crystallized from rat muscle has the same 
turnover number 

2 About 75 per cent of the aldolase activity and about 10 pei cent of 
the protein m an aqueous ex-tract of rabbit muscle can be recovered as 
aldolase crj’-stals bj"- fractionation betw een 0 50 and 0 52 saturation w ith 
(NHi) 2S04 at pH 7 5 

3 Both rabbit and rat aldolase are electi ophoreticallj homogeneous over 
a Wide pH range The isoelectric pomts m phosphate buffer of ionic 
strength 0 1 are 6 05 and 5 7, respectively 

4 The diffusion constant of crystalline rabbit aldolase is 4 63 X 10“^ 
sq cm sec m water at 20° 
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CRYSTALLINE d-GLYCERALDEHYDE-3-PHOSPHATE 
DEHYDROGENASE FROM RABBIT IMUSCLE* 

By GERTY T CORI, MILTON W SLEIN, A^D CARL F CORI 

(From Ihe Dcpartmcnl of Biological Chcmislry, Washington University School 
of Medicine, St Louis) 

(Rcceu ed for publication, December 5, 1947) 

The reaction catalyzed bj' this enzyme consists m the oxidation of a 
— CHO to a — COO PO3H2 group and represents the first oxidative step 
m the degradation of carbohydrate m the tissues Diphosphopyridine 
nucleotide (DPN) and inorganic phosphate are necessary for this reversible 
enzymatic reaction The equilibrium has been mvestigated by Warburg 
and Christian (1), Drabkm and Meyerhof (2), and hleyerhof and Oesper 
(3) When morgamc phosphate is replaced by arsenate, the reaction be- 
comes irreversible In both instances the reaction can be followed by 
measurmg the appearance of reduced DPN spectrophotometricaUy at 
340 mp, a method ongmally introduced by Warburg and Christian 

The substrate for this enzyme, is formed from fructose-l,6-diphosphate 
through the action of aldolase, the enzyme described m the precedmg 
paper 

Fructose-1 , 6-diphosphate 

A 

Aldolase 

D Glyceraldehj de 3-phosphate dihj droxyacetone phosphate 

Isomerase 

Dehydrogenase 
D Glj cenc acid 3 phosphate 

This sequence of reactions, ongmally proposed by Embden and hlej'er- 
hof, could be demonstrated by means of the crj’^stalhne enzyone prepara- 
tions because the}'' are free of isomerase (Fig 1) In the presence of aldo- 
lase, dehydrogenase, arsenate, and DPN, glyceraldehyde phosphate only 
disappears and the jueld is 1 mole of triose phosphate oxidized per mole 
of hexose diphosphate added, when, m addition, a purified preparation of 
triose phosphate isomerase (5) is added, dihydroxyacetone phosphate 
disappears and a second mole of triose phosphate is oxidized * 

* This Tvork ivas supported m part by a grant from the Nutrition Foundation, Inc 

* This pro-vides a sensitive method for the quantitative determination of hexose 
diphosphate and tnose phosphate, either separately or combmed, depending on the 
order of addition of the three enzymes This method 'mil be described in a subse- 
quent publication 
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The pi eparation of the ci ys1 allme ensf^anc m as desci ibed in a preliminary 
lepoil (6) and shoitly theicafici a note appealed by Dixon and Caputto 
(7) in which cij’^stallizalion was achieved bj'' anolhei method of picpara- 
tion The enzyme liad pi evionsly been ci ystallized fi om yeast by Warburg 



Fig 1 Spectiophotometnc measui ement of tnose phosphate oxidation uitli 
fructose diphosphate as substrate Cuivc A, the reaction mixture consisted of fruc- 
tose diphosphate, aldolase, dehydrogenase, DPN, and arsenate 1 mole of tnose 
phosphate was oxidized (or DPN reduced) per mole of fructose diphosphate added 
Curve B, the reaction mixture contained in addition tnose phosphate isomerase 2 
moles of tnose phosphate were oxidized per mole of fructose diphosphate The 
dotted line indicates the amount of reduction of DPN expected from the amount of 
fructose diphosphate added Fructose diphosphate was determined b} the phenyl- 
hydrazine method of Deuticke and Hollmanii (4) 

and Chi istian (1) In confiimation of them it vas found that the enzjrme, 
when used m much highei conceniiation, also oxidizes D-gl 3 ''ceraldeh 3 ’‘de 
The present paper contains details of prepaiation, data on the piopeities 
of the enzyme piotein, and kinetic measurements, while the papeis which 
follow contain data on the pi esthetic gioup and on amino acid composition 
The enzyme constitutes about 7 to 12 pei cent of the exdi acted pioteins 
and the 3 neld is about 300 mg pei 100 gm of muscle 
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EXPERIIMENTAL 

Method of Preparation — A. rabbit is injected intravenously with a lethal 
dose of amjdal It is rapidlj’’ skinned and the leg and back muscles are 
excised and veighed All further steps are earned out m a cold loom 
The muscles aie passed through a meat grinder, extracted immediately 
vith 1 volume of 0 03 n KOH foi 10 minutes vith occasional stirimg, and 
strained tluough gauze The extinction is lepeated and the residue is 
suspended m 0 5 volume of v ater foi 5 minutes and sti ained as above The 
pH, measured with the glass electrode m the combined extracts, varied in 
SLx different preparations fiom 6 6 to 7 2 

If it IS desired to prepai e both aldolase and deh 3 ’-drogenase, 1 volume of 
saturated (NH 4 ):S 04 solution, pH 7 5 to 7 8 (saturated at i oom temperature 
and pH adjusted vith ammonia), is added to the extract (0 5 saturation) 
and the muxi-uie placed in an ice bath foi about 0 5 houi From the time 
of killing the rabbit to the addition of the salt solution not more than 1 5 
hours should elapse The mixture is filteied through folded papei ("UTiat- 
man No 1), and to the cleai filtiate moie saturated (NH4)2S04 solution is 
added to bring the saturation to 0 52 (4 ml to each 100 ml ) The pH 
should be 7 6 to 7 8 This solution eithei is left at 5° for 2 to 3 days or is 
v aimed up veiy slov ly to 20°, then returned to 5° This procedure speeds 
up the rate of crj-^stallization of aldolase (8) When a heaA^ mass of aldo- 
lase crj’’stals (vhich do not settle) has formed, thej’’ aie separated by filtra- 
tion or centrifugation 

UTen it IS not desii ed to prepare aldolase, saturated (NH 4 ) 2 S 04 solution 
IS added to 0 52 saturation in one step, followed immediately by filtration 
or by centrifugation in a high speed angle centrifuge 

To each 100 ml of filtiate at 0 52 satuiation are added 13 gm of solid 
(NH 4 ) 2 S 04 , vhicli brings the saturation to 0 72 As soon as the salt is 
dissolved by gentle stirring, the solution is filtered through folded papei , 
the filtrate being poui ed back on the filter until it is pei feetty clear F il ti a- 
tion IS fairlj' rapid and the pH of the filtiate is about 7 5 To the filtiate, 
15 per cent ammonium hydroxide solution is added dropvise vith shaking 
until the pH is 8 2 to 8 4 The pH is measui ed v ith a glass electrode, or 
vith metacresol purple as indicator, m an aliquot of the 5 times diluted 
filtrate Cij'-stals appear in sevei al houi s, and even v ithoiit seeding a lai ge 
crop of cr3’'stals (vhich do not settle) foi ms overnight The suspension 
of the crystals may be left standmg for sevei al da 3 ''s to increase the 3 ueld 
The crystals are separated b 3 ' filtration thiough folded papei (I^Tlatman 
No 1) Filtration is lathei lapid at first but eventual^ slow s dov n , b 3 " 
the use of an automatic filtiation device all the material fiom 300 to 500 
gm of muscle wall pass through a filtei of 24 cm diameter overnight The 
still moist ciystalhne precipitate is scraped off the papei with a spatula 
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and dissolved in 40 to 80 ml ofvatci Papci hbci s, MgNIIiPOt ci yslals, 
and shieds aie lemoved by ccnii ifugaiion O’o Ihc deal, slightly i eddish 
yellow soluiion aie added 2 yohimos of saiiiiaied (NIIiljSOi solidion, pll 
8 2 to 8 4, foi each volume ol vatci used m tlie soluiion of the civslals 
Theie is no immediate piecipication of piOLoin In less than 1 houi , (ij^s- 
tals begin to appeal and m 24 houis a thick shimmcimg suspension of 
ciystals has foimed Fuithei leciyslalhzations aie earned out in the same 
mannei The yellovish coloi is eventually lemoved with tlie mothei h- 
quois and the suspension appeals puie white Py this pioieduie tliiity- 
foui pi epai aiions of ihe enzyme have been made in the jiast 2 veai s Odiei e 
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Fig 2 Ci3"st illmc u gh ceialdcln dc- 3 -phosphatc dclndrogcn isc, X 2 G 0 


w'as no case of failuie and the yield was 1 gm oi moie of enzvme pei lab- 
bit - 

The fiist ciystals usually appeal m the foim of losettes, which aie ap- 
paiently made up of clusteis of fine needles Closei obsenation leveals 
that the ci 3 'stals cons st of diamond-shaped phtes which stand on edge 
On lecij'stalhzation the cij'-stals lemain sepaiate Because of the thinness 
of the plates and the closeness of the lefi active indices of the civstals and 
the mothei liquoi , satisfacton' photomiciogiaphs weie obtained onlv w hen 
the Cl ystals w ei e suained w ith meth^dene blue The ci 3 'stals show n m Fig 

= It should be emphasised that, in ordei to obtain a good i icld of cnstalline dehy- 
diogcnasc, the rapidly excised muscles must be ground and cxti acted uithout delay 
When the muscles weie left at 5 ° foi 1 houi, oi when 0 5 lioui elapsed between the 
lime the muscles aero giound and placed in the extiactioii fluid, no, oi only a sin ill, 
3ield of cr3stallino 011730110 could be obtained 
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2 \\ere obtained b\ allowing the enzyme to lecrj^stallize slow 13'- fiom 0 6 
snunted (XH4)2‘304 solution and aie laiger than those ordinal ih"^ obtained 
from 0 66 satin aced (XH4 ):SOj Both ihe diamond shape of the cnstals 
and the simulited lod sh ipe due to the ci3sials standing on edge aie seen 
in the phoiogiaph 

An example of the 3 leM and acti\ii3 on 10013 stallization is given in 
Table I Ii may be seen thai the enz3 me ci \ stalhzes from a 0 14 pei cent 
pi oiein solution in which it constitutes about one-half of the proiem pie^^ent 
Vbout 10 per cent of the enzvme is lost in the mother liquoi, while on le- 
cr3stalhzation fiom moie concentiatcd solutions the loss is 5 lo 8 per cent 
The specific actnuA of the ci>stals incieases slightl3’' on leciisialhzation, 
while that of the mothei liquoi increases 3ei3" maikedl3’' and appioaches 

Tablc I 

Recryslalhzalion of Dehydrogenase 

The enz\ me w is prepared from 500 gm of rabbit muscle 1)3 the method described 
in the text 


Costatlizalion 

! 

1 Protem in 

1 crystals 

1 

Mother liquor ^ 

^ Specific actiMp 

\oIume 1 

1 Protein | 
content | 

1 

\ Crystals 

1 

Mother liquor 


j-m 

ml I 

i gm 

1 


1st 

1 50 j 

2100 

1 42 ’ 

9 15 X 10 * 

0 94 X 10 ® 

2nd 

1 43 1 

206 

0 13 

[ 8 64 X 10® 

2 92 X 10® 

3rd 

1 35 

i 214 

1 

0 OS 

1 10 1 X 10® 

6 66 X 10® 


* The specific actnitt (at 25°) was obtained 1)3 dividing the bimolecular rate rr^n- 
stants b3 the mg of protein per ml of reaction mixture 


that of the crx^stals The enz3TOe is not completeb^ stable w hen in solution 
in ammonium sulfate and this ma3’^ account foi the fact that the specific 
activit3’’ m the mothei liquor did not leach that of the cr3’-stals 

^^Ti 3' 0 03 > alkali lathei than watei is used for the exti action of muscle 
in the piepaiation of the deh3’-di ogenase is shown in the following experi- 
ment 

1 part of ground labbit muscle was extracted with watei (pH of extract 
6 1) and anothei part with 0 03 n KOH (pH of extract 7 1), followed in 
each case b3 the procedure outlined foi the piepaiation of the deh3dio- 
genase The watei extract 3aelded onl3'’atiace of cr3'stals, while a laige 
crop was obtained fiom the alkaline extract Both preparations were 
analyzed for pi otem and specific actmt3’' by sampling the w ell mrxed 0 72 
saturated (XH4)2S04 solution The water extract 3ielded 0 69 mg of 
protein per ml and a specific activit5’' of 5 12 X 10*, the lespecrne lalues 
for the alkaline extract, weie 1 43 mg of piotein and 8 55 X 10* specific 
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activity Fiom this it may be calculated that the extiact piepaied with 
alkali contained 3 5 times moie enzyme than the vatei evtiact, and it is 
theiefoie not suipiismg that few cl 3 ^stals vcie oblained fiom the latter 
Fui thei investigation is i equii ed to e\plain the low joeld of the enz^’-me fi om 
watei extiacts 

Electi ophoi esis — The electiophoictic bchavioi of r>-gl 3 ’’cei aldehj’-de phos- 
phate dehydi ogenase has been investigated with the lechniqiie desciibcd 
foi aldolase (8) Expeiiments liaAm been peifoimed at 2° ovci Ihe pll 
lange 5 1 to 8 45 

The lecij'^stallized enz^^e is electiophoictically homogeneous ovei the 
pH lange 6 2 to 7 7 Fig 3, fiom an e\pei imcnt at pH 7 4, shows a single 
peak exhibiting a slight skew It was found that the enz^mie solution 
(7 mg pel ml ) had lost 7 pei cent of its aclivily dm ing the diah sis pciiod 



Fig 3 Elcctiophorctic schlicren diigiain of rccr3stnlh7cd i)-glj ccialdclij do 3- 
phosphate dehydrogenase after 4 hours at 2° in phosphite buffer, pll 7 4, ionic 
stiength 0 1 


of 20 liouis which pieceded the electi ophoi esis In solutions moie acid 
than pH 6 2 oi moie alkaline than pH 7 7, mstabihtj’- of the enzyme mtei- 
feies woth electi ophoi etic measuiements When the enzvme was diab^zed 
against acetate buffei s of pH 5 1 to 5 4 foi 20 lioui s, it lost about 70 pei 
cent of its activit}’- No appieciable tuibidity developed, but a consid- 
eiable pait of the piotein became insoluble m 03 satin at ed (NHi) 2 S 04 
solution at pH 8 2, indicating denatuiation Dining electi ophoi esis at 
this low^ pH lange seveial mmoi peaks appealed besides a majoi one 
In veional buffei of pH 8 45, pionounced tuibiditj" dei eloped dining 
electi ophoi esis, neailj’" masking the moving boimdaiies 

Fig 4 shows the vaiiation in electi ophoi etic mobility fiom pH 6 2 to 
7 7m phosphate buffei of ionic stiength 0 1 The ascending and descend- 
ing mobilities w^eie geneially quite close, and have been aveiaged A 
fiee-hand ciiive diawm thiough the points establishes the isoelectiic point 
undei these conditions at pH 6 55 
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Adiiiitj Measurements — A portion of the crystal suspension is centri- 
fuged sliarplj, drained, and dissohcd in 0 03 m sodium pjTophosphate, 
pH 8 5, in tlie cold to gi\c a concentiation not less than 1 mg of piotem 
per ml This stock solution is stable foi 2 to 3 hours at 0°, but is unstable 
at room temperature For activity tests this solution is diluted v ith p5To- 
phosphate buffer containing c^ steine Dilution in the absence of cj’’steme 
results m loss of enzjTne actn itj Cysteine cannot be replaced by a pro- 
tectuc protein such as crj^stallme serum albumin To gi\e an example 
(which incidentally describes the procedure usually followed), 0 1 ml of 
a stock solution (410 y of protein) vas diluted to 4 ml (o) vith 0 03 Ji 
P3’rophosphate, pH 8 5, (6) v ith 0 004 m C3'’steme in 0 03 m pyrophosphate, 
(c) with 0 03 M p3'Tophosphate containmg 225 y of serum albumin, and 



pH 

Fig 4 Electrophoretic mobilitj of D-glyceraldehj de 3-phosphate dehydrogenase 
in sq cm volt sec X 10® at 2° in phosphate buffers of ionic strength 0 1 

(d) With a solution containmg cy’^steme, pyrophosphate, and albumm 
As soon as each dilution was made, 0 1 ml (10 7) was transfeiied to a 
silica absorption cell contaming 2 7 ml of a 0 004 m c3’’steme-0 03 it pyi o- 
phosphate-DPN mixture After the mixture stood foi 7 mmutes at room 
temperature, the reaction w as started by the addition of 0 2 ml of a mix- 
ture of triose phosphate and arsenate Densit3'- readings at 340 m;x w ere 
taken at 1 mmute mtervals in the Beckman spectrophotometer Bi- 
molecular rate constants w ere calculated from the 1 and 2 rtimute readmgs 
These showed that Sample a had 45 and Sample c 23 pei cent less actmt3^ 
than Samples b and d, w hich gave the same rate constant 

The usual composition of the reaction mixture m moles pei ml w as 2 5 
X 10“' for the o component of DL-gtycei aldeh3’-de phosphate,^ 1 X 10~^ 

’ We are indebted to Dr H O L Fischer, Dr E Baer, and Dr H A Lardj for 
seieral samples of synthetic nn-glyceraldehyde phosphate (9) Determinations of 
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DPJSr,'* 6 X 10"® arsenate, 3 X 10"® pjo ophosphate, 4 X 10"® cysteine, pH 
8 5 The lefeience cell contained the same leactants with the exception 
of the enzj'’me The conccnti ations of triosc phosphate and DPN ai e about 
6 and 2 5 times highci, lespectively, than those required to give one-half 
satin ation of the enzj'-me Bimoleculai rate constants were calculated from 
the equation 

23 Ka - a:) 
t(a - b)^°^a(b - x) 

where a is the mitial concentration of triose phosphate, b that of 
DPN, and ^ the amount of reduced DPN formed in time t (minutes), 
all expressed in moles pei ml Reduced DPN was calculated fiom the 
spectrophotometiic leadings bj'- means of the i elation, (2 3 log /o//)/l 45 
This conesponds to the /? coefficient foi pine i educed DPN" determined hy 
Ohlmeyei (10) In some cases equal concenti ations of tiiose phosphate 
and DPN weie used in which case the equation i educes to 


i o(a — x) 

For protein deteimmations an aliquot of the stock solution was diluted 
with watei and lead immediately at the wave-length of maximum absorp- 
tion (276 m^) m the spectiophotomelei The conveision factoi, based on 
micio-Kjeldahl deteimmations, was 1 9, hence (2 3 log /o//)/l 9 = mg 
of pi otein pel ml In some cases pi otem v as detei mined by the biui et me- 
thod of Robinson and Hogden (11) oi, in the case of dial 3 '’zed enz 3 Tne solu- 
tions, accoiding to the modification of this method bv Weichselbaum 
(12) Foi compai ison of specific activities, the i ate constants v ere divided 
by mg of pi otein piesent pei ml of leaction mixtuie 

Proportionality could be tested for only a limited i ange of enz 3 Tne concen- 
trations (0 8 to 5 7 pel ml ), because at highei enzyme concenti ations the 
rate of leaction was too fast to peimit accuiate galvanometei leadings 
Within the i ange tested, piopoitionality \\ as satisfactoiy The bimoleculai 
rate constant deci eased somewhat with time This i\as the case in the 
presence oi absence of cysteine, as well as i\ hen glutathione u as substituted 
foi cysteine Foi example, vith 4 y of pi otein pei ml the late constants 
foi 1, 2, and 3 minutes veie 2 59, 2 49, and 2 44 X 10®, i espectivebq giving 
a specific activity for the 1st minute of (2 59 X 10®) /O 004 = 6 5 X 10® 
at 24° 

alkah-labile P or of the amount of DPN reduced enzymatically were used to calculate 
concentrations 

* In most of the experiments a sample of 50 per cent punt}"- piepaied in this labora- 
tory was used 
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An example of the activating effect of cysteineis given in Fig 5 Sepa- 
rate tests have shown that ^e effect of cysteine on the enzjTne at room 
temperature is not instantaneous, maximum activity is reached m 5 to 7 
minutes and is thereafter mamtained for about 30 minutes, foUov ed by a 
decline in actn ity after longer periods of incubation at room temperature 
In order to tes t the enzyme under optimal conditions, it is diluted with and 
then kept for 7 minutes in the cysteme-p3'Tophosphate buffer m the presence 



Fig 5 Activating effect of cysteine on glyceraldehyde phosphate dehydrogenase 
In Curv e A, a dilute solution of the enzyme (4 y per ml ) vas kept for 10 minutes at 
25° m the absence of cj steine Curve A shows that the enzyme was practicallj in- 
active v hen tested in the absence of cj steine Curve B shows that, when the same 
dilute solution of enzyme was pretreated with and tested in the presence of cj steine, 
it regained actmtj 


of DPN, the reaction is then started by the addition of triose phosphate 
plus arsenate 

Triose phosphate reacts with cj'^steme, but this source of error is small 
because of the low concentration of cysteme (0 004 m), because triose 
phosphate is added last, and because the reaction is measured for only 2 
nunutes When 2 5 X 10"^ m triose phosphate is mcubated v ith 4 X 10“’ 
M cysteme for 6 mmutes at room temperature before the enzjune is added, 
the loss of triose phosphate reduces the rate of the reaction bj’’ about 20 
per cent Cysteme is a disturbmg factor m the measurement of the 
equihbnum of the reaction m the presence of phosphate After apparent 




oil 


GblCLKALUMnUJ;. 1’IlOfc.riIAlj!, DLIIVUKOGLNASL 


equilibrium has been i cached, i educed DPN is slowly reoxidized, due to 
the lemoval of tiiose phosphate by cysteine Glutathione reacts much 
moie slowly with tiioso phosphate, as is sho’W’^^ by the fact that the cqui- 
libiium position is maintained unchanged foi 10 minutes, furthcrmoi e the 
same equilibiium is leached in the picsence and absence of glutathione 
It has been found that glutathione is not as elTectivc as cysteine in main- 
taining dilute enzyme solutions at the level of maximum activity, hence 
cysteine is piefeiied foi late, while glutathione is piefeiied foi equiIibiium 
measuiements 

StabiliUj — ^Enzyme ciystals left suspended m 0 00 satuiated (NIl 4 ) 2 S 04 
and stoied in the lefiigeiatoi lost 50 pei cent of then oiiginal activity 
aftei 2 5 months The small amount of enz 3 une which i emains in solution 
in 0 66 satuiated (NH 4 ) 2 S 04 , pH 8 3, is stable foi at least 24 houis at 3° 

In weak salt solution, stability of the enz 3 ’’mc is dependent, among othei 
factois, on pH An enz^'^me solution (1 mg pei ml ) nas incubated for 
30 minutes at 30° in acetate buffei at pH 5 5 and in pyi ophosphate biiflei 
at pH 7 3, the loss of enzyme activity was 27 pei cent in the foimci and 
17 pel cent in the lattei case Moie dilute enz 3 '’mc solutions aie inacti- 
vated more lapidly undei these conditions 

It has been found, in confiimation of llapkine (13), that DPN cxeits 
a protective effect on dilute enzj’-mc solutions in the absence of cysteine 
Foi example, an enzyme solution (2 5 y pei ml ) incubated at i oom tempera- 
tuie foi 10 minutes m the piesence of DPN, but in the absence of C 3 ^steine, 
letained 85 pei cent of its activit 3 ’- when compared with a sample incubated 
with cysteine m the usual way AYheu incubated wil bout DPN' the cnz 3 Tne 
was almost completely inactive 

Dissociation Constants of Snbsbates — ^The concentiations of tiiose phos- 
phate and DPN veie vaiied ovei a 10-fold lange in enz 3 ''matic tests at 
pH 8 5 Satisfactoiy straight lines weie obtained when the lecipiocal of 
concentiation was plotted against the lecipiocal of the log h/I leading at 
1 minute The values obtained fiom these giaphs neie 5 1 X 10~® moles 
pel htei foi D-glycei aldehyde phosphate and 3 9 X 10-® moles pci litei foi 
DPN Foi the yeast enzyme, Waibuig and Chiistian found 3 2 X 
10'5 moles pel litei foi DPN at pH 7 5 with nn-glycei aldeh 3 '-de as substiate 
When lecalculated by the method indicated above, the value would be 
about 5 X 10“® moles pei htei 

Activity at Different pH Values and Ihiiiiovei Nunihei — In these expeii- 
ments, the enz 3 ''me was satuiated with both gb'-cei aldeh 3 ’-de phosphate and 
DPN'^ by using initial concenti ations of each of 4 8 X 10-* moles pei htei 
The initial late of the leaction (obtained by exti apolation to zeio time) 

'* A pieparation of 80 pei cent puiity ns determined bj en/ymatic reduction Mas 
kindly supplied by Dr A Kornberg 



G r com, Ai 'v\ sLm., \nd c i torn 


G15 


^\as the same at pH 8 6 and 9 0, at pH 8 1, 7 7, and 7 1 it WaS ^1, 57, and 
15 per cent, respectivclj'', of the rate obtamed at the lugher pH values 
Because of the mstability of the enzyme piotem, it has not been possible, 
so far, to obtain satisfactory values for the diffusion and sedimentation 
constants The turnover number for 100,000 gm of protein corresponds to 
a reduction of 6700 moles of DPN pei minute at pH 8 6 and 27° From 
the data given above, it may be seen that the turnovei number at the pH 
of muscle nould be considerably lonei The high concentration of this 
enzjTne in muscle may be i elated to this relatively lov catalytic activity 



Fig 6 Rate of inactivation of glyceraldehyde phosphate dehydrogenase by 0 0001 
M lodoacetate at 0°, pH 7 1 Activity was measured at 27° at pH 8 5 Curves 1 and 
2, control samples tested after being kept for 1 and 30 minutes at 0° Curves 3, 4, and 
6, samples tested after being kept for 1, 15, and 30 minutes m the presence of lodo- 
acctate at 0° 

A twice crystallized sample of yeast glyceraldehyde phosphate dehydro- 
genase, prepared in this laboratory by Dr E G Ifxebs by a modification of 
the method of Warburg and Christian, was tested imder the same condi- 
tions as the muscle enzyme Dr I^rebs found that the crystalhne yeast 
enzyme requires a reducmg agent such as cysteme for fuU activity, a fact 
which IS not mentioned by Warburg and Christian The tm nover number 
of the yeast enzyme was of the same order of magnitude as that of the 
muscle enzyme 

lodoacetate — ^The well known inhibition of lactic acid fermentation in 
muscle and of alcohohc fermentation m yeast has been shown to be at the 
triose phosphate level (14) when lov concentrations of lodoacetate are used 
That the triose phosphate dehi’^drogenase may be classified as an “ — SH” 
enzyme has been established by the work of Rapkme and Tipmac (15-17) 
It has also been shown that the inhibition by lodoacetate is not instantane- 
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ous and that it cannot be reveiscd by cysteine It seemed of interest to 
repeat some of these obseivations with the crystalline enzyme prepaiation 
The cuivcs in Fig 6 show the late of inactivation of the enzyme by 
10“^ M lodoacetate at 0° and pH 71 No cysteine was used m this e\peii- 
ment and consequently lelatively laige amounts of enzjunc (about 100 
7) had to be used in the activity measurements, vhich veie carried out 
at 27° A contiol sample of the enzyme was hept at 0° in the absence of 
lodoacetate in oidei to dcteimme the amount of spontaneous inactivation 



MINUTES 

Fig 7 Irreversibility of the lodoacetatc inhibition of glyceraldclo de phosphate 
dehydrogenase by cysteine The methods used for obtaining tlie cnz 3 'me in the re- 
duced 01 OMdized form arc given in the to\t Curves A and B, activity of the reduced 
enzyme in the presence and absence of cj'steinc, respectivelj Curve C, activity of 
the reduced enzyme in the presence of 0 0004 m lodoacetate , cysteine added at time 
indicated by the arrow Curve D, activity of oxidized form of the enz 3 mic, C 3 'steine 
added at time indicated by arrow Activity u as measured at 23° at pH S 5 

The enzyme lost 15 pei cent of its activitjr m 30 minutes without lodoace- 
tate and 15, 70, and 85 pel cent in the piesence of lodoacetate aftei meuba- 
tion peiiods of 1, 15, and 30 minutes 

In the above expenment only a small part of the enzyme v as in the ac- 
tive 01 “reduced” foim This is shown bjr the fact that the enzyme had 
only about 10 pei cent of the activity it had when tested in the pi esence 
of cysteine The inactive or “oxidized” foi m of the enzjnme does not 1 eact 
with low concenti ations of lodoacetate and is convei ted to the 1 educed form 
by cysteine, this simulates a reversal of the lodoacetate inhibition b3^ 
cysteme 
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In Fig 7 are shown the effect of lodoacetate on a fully reduced enzj'me 
and the non-reversibility of the inhibition b}' cysteme A solution of 2 
mg of enzjone per ml in 0 03 it C3'steine-p3’Tophosphate buffer, pH 8 5, 
was kept for 15 mmutes at 24° m order to reduce the enzyme This solu- 
tion w as then stored at 0° and aliquots w ere diluted 30-fold ith 0 004 
w cj^steme-piTophosphate as needed As soon as each dilution was made 
0 1 ml of the dilution (7 7 of enzyme) as treated as follow s In Curve A, 
0 1 ml V as incubated for 7 minutes m 0 004 m C 3’'steme-p3wophosphate 
pH 8 5, and triose phosphate v as added to start the reaction, m Curve B, 
0 1 ml was added to the otherwise complete, but cysteme-free reaction 
mixture, the rate of reaction m Curves A and B bemg nearly the same, 
in Curve C, 0 1 ml v as added to start the reaction m the same way as for 
Curve B, except that the reaction mixture contamed lodoacetate Curve 
C shovs that even at 23° the inhibition by lodoacetate (final concentration 
4 X 10~^ m) requu-es several minutes for completion and that addition 
of cysteme, at a time at which the reaction has practically stopped, did not 
remove the inhibition In contrast to this is the reactivation b3’’ cysteine 
of the oxidized form of the enzyme. Curve D In Curve D the enz3me 
(70 7 per ml ) had been allow ed to remam at 22° m the absence of C3’’steme 
for 30 mmutes The initial rate m the absence of C3’’steme w as msignificant, 
but the addition of cysteme rapidly reestabhshed activit3’- 

The authors wish to thank IMr Robert Loeffel and Dr A A Green for 
carrymg out the measurements of electrophoretic mobihty reported m 
this paper 


SUMMARY 

1 The enz3me D-glyceraldehyde-3-phosphate deh3'-drogenaEe has been 

isolated and cr3"stallized by a method mvohmg fractionation with am- 
momacal (NH))2S04 solution of an extract of rabbit muscle prepared with 
dilute alkali The enz3me cr3’’stallizes from a dilute solution (about 0 1 
per cent) of purity level of about 0 5, when the saturation with (NBUIeSO^ 
IS 0 72 and the pH 8 2 to 8 4 1 gm or more of cr3'stalbne enz3me is ob- 

tained from 500 gm of muscle On recr3’’stalhzation from more concen- 
trated enz3me solutions at 0 66 saturation with (NH4)2S04 only a shght 
gam m specific enzyme activity results 

2 Aldolase and the dehydrogenase can be prepared from the same 
muscle extract 

3 The recrystaUized enzyme is electrophoretically homogeneous over 
the pH range 6 2 to 7 7 In phosphate buffer, lomc strength 0 1, the iso- 
electric point is at pH 6 55 

4. Activity of the enz3me w^as measured spectrophotometricaU3^ accord- 
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mg to the method of Wai bm g and Chi istiati Tn oi dci to obtain maximum 
activity the enzyme has 1o be diluted and piomcubated m a cysteine (or 
glutathione) solution 

5 In Aveak salt solution the enzyme has highest stability ai ound neu- 
tiality At pH 5 2 oi 9 it is lapidly denatured even at 0° 

6 The enzyme has one-half maximum activity nhen the concentration 
of glycei aldehyde-phosphate is 5 1 X 10~® moles pci htei The coi respond- 
ing value of DPN is 3 9 X lO"'"’ moles pci litei 

7 The enzyme activity is liighcst between pll 8 0 and 9 and diops off 
shaiply on the acid side, so tliat at pH 7 1 i1 is onlv 35 pei cent of the 
maximum late 

8 lodoacetate m low concenti ation (JO"^ m) inhibits tlie enziunc Tins 
inhibition, even at 27°, is not instantaneous Cysteine docs not reveise 
the inhibition 
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It IS known that the major portion of the ultraviolet absorption of pro- 
teins m the region 250 to 300 m/i is due to the presence of the aromatic 
ammo acids, chiefly tyrosme and tryptophan The ultraviolet absorption 
spectrum of D-glyceraldehyde-3-phosphate dehydrogenase differs appre- 
ciably from the spectrum calculated from the chemically determmed t 5 To- 
sme and tryptophan contents (1) both at neutral and alkahne pH, Figs 
1 and 2 At neutral pH this difference is particularly noticeable at 250 
mp At pH 12 to 13 the absorption maximum of tyrosine plus tryptophan 
shifts from about 280 to about 290 m/i The dehydrogenase exhibits this 
spectral shift at pH 12 but shows only a barely detectable rmnimum at 
278 mfi This property mdicates the presence of gioups which absorb in 
the 260 to 280 m^ region, and which are not grossly affected by changes 
in pH Such behavior is shown by the C = N bond as it occurs m purmes 
and pyrimidmes We v ere therefore led to suspect the presence of nucle- 
otides m the recrystallized protem This idea v as supported by the ob- 
servation that a considerable amount of humm vas formed durmg acid 
hydrolysis, mdicatmg the presence of carbohydrate, and that the exhaust- 
ively dialyzed enzyme contamed 0 126 per cent of phosphorus 

The most hkely substance to be looked for was diphosphopjTidme 
nucleotide (DPN), smee it participates m the reaction catalyzed bj’" the 
enzyme It proved possible to demonstrate that the crystalhne eimone 
contams a constant amount of DPN in rather firm combmation 

The presence of DPN m the enzyme is mdicated by the foUowmg data 

1 The characteristic absorption maximum of reduced DPN at 340 my 
appeals when glyceraldehyde phosphate and arsenate are added to a 0 77 
per cent solution of the enzyme. Fig 3 The absorption observed at 340 
my corresponds to 0 6 mole of DPN m 50,000 gm of the dehydrogenase 
This band disappears agam when pyruvate and lactic dehydrogenase (a 
purified fraction from rabbit skeletal muscle) are added 

2 The filtrate obtamed by precipitatmg a suitable amount of enzj’me 

* This work was supported in part by a grant from the Nutrition Foundation, Inc 
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Fig 1 Absorption spectrum of glyccraldchyde phosphate dehydrogenase, 1 mg 
per ml , at neutral pH A, untreated enzyme, X, enzyme after treatment uith phoS’ 
phatase and precipitation nith (NH 4 )jSO<, C3 per cent of the DPN having boon re 
moved (Experiment 3, Table II), O, ealculated absorption due to tjrosinc and trjp- 
tophan present 



Fig 2 Absorption spectrum of glyccraldchyde phosphate dehydrogenase, 1 mg 
per ml in 0 1 n NaOH A, untreated enzyme, X, enzyme after treatment vith 
phosphatase and precipitation nith (NH 4 ) 2 S 04 (Experiment 3, Table II), O, calcu- 
lated absorption due to tyrosine and tryptophan present 


with tiichloroacetic acid can leplace DPN m specific enzymatic tests, 
Fig 4 The absorption obseived at 340 after enz^’^matic i eduction of 
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the tnchloroacetic acid filtrate corresponds to 0 8 mole of DPN split off 
from 50,000 gm of the dehj'drogenase 



Fig 3 Appearance of the reduced band of DPX at 340 m^j in a solution containing 
7 7 mg of enzyme protein per ml after addition of arsenate and excess glj ceraldeh 3 de 
phosphate The reference cell contained the same solution with the exception of 
glj ceraldehyde phosphate 



Fig 4 Demonstration of DPX in the trichloroacetic acid filtrate of gl 3 ceralde- 
h 3 de phosphate dehydrogenase Xeutrabzed filtrate, corresponding to 5 77 mg of 
enz3-me protein, + C3steine P3Tophosphate buffer arsenate — gh ceraldeh3 de 
phosphate in 3 ml , measured against the control contaimng neutralized trichloro- 
acetic acid instead of the filtrate The reaction started at the first arrow b 3 addition 
of 6 -/ of gl 3 ceraldehyde phosphate deh 3 drogenase per ml 4.t the second arrow a 
solution containing p 3 ruvate purified lactic deh 3 drogenase was added to both 
vessels 

3 The enzyme contains ademne, mcotmamide, nbose, and phosphate 
m the ratios m which these substances are present m DPN Table I 
summarizes the data obtamed for the four constituents of DPN 

Adenme and mcotmamide were detenmned microbiologicall}' * A sam- 

' We are indebted to Dr Ethel Ronzoni and Mr Lester Wicks for the assa 3 of 
nicotinamide and adenine, respectively 
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pie of the exhaustively dial 3 ''zcd and dncd cnz 5 '’mc vns hydioly/ed at a 
bath tempeiatuic of 120 ° foi 1 hoin in a mixt-uic of foimic acid (specific 
giavity 1 2 ), concenti ated hj^di ochloi ic acid, and i\ alci in 1 he volume latios 
of 5 1 4 This pioceduic libciales the puinics fiom nucleotides vitliout 
appreciable decomposition (2) The h 3 '’di olysatc was icjicatedly evapo- 
lated to diyness in vacxio^ then ncutialized lo pTJ G and diluled to volume 
Assay foi adenine w'as earned out wulh the adenmeless mutant of 
xospora ciassa 28610 b}’’ the pioceduic dcsciibcd bj' Mitchell and TIoulahan 
(3) The cultuies wcie giown in 50 ml flasks and the standaid cuives 
covei ed the i ange of 0 to 200 y of adenine I'lic gi ow t h i espouse indicated 
the piesence of 0 25 ± 0 04 pei cent" adenine in the enzyme 


TAinr I 

Analysis of Ciystalhnc Glyccraldchydc Phosphate Dchydroycna'^c for Component'^ of 

Diphosphopy) idtnc A uclcoCidc 


Substance 

Source 

Per mg 
of enzyme 

Substincc in 
50,000 gm 

cnQTTie 



y 

motes 

Adenine 

Hydrolysate of dialy/cd, dried en/yme 

I 2 5 

0 9 

Nicotinamide 

U U It it tt 

2 5 

1 0 

Phosphorus 

Dialyzed, dried enzyme, ashed 

! 1 20 

2 0 

1 

Trichloroacetic acid filtrate of native 

1 23 

20 


enzyme 



Hibose 

Native enzyme 

5 90 

1 97 


Dialyzed, dried enzyme 

5 83 

1 95 


Nicotinic acid w’’as detei mined in similai h 3 ''di ol 3 ''sates wuth Laclobacillus 
axabtnosus accoidmg to the piocedure of Snell and Wiight (4) This 
oiganism ivas chosen because it show^s equal lesponses to nicotinic acid 
and nicotinamide, and hence no appieciable eiioi was introduced b 3 ' in- 
complete hydiolysis of the amide The giowth i espouse indicated the 
piesence of 0 25 i 0 02 pei cent- nicotinamide m the enzyme 
Phosphate wxis detei mined b 3 ^ the Fiske and Subbaiow method (5) 
The coloi was developed m glass-stoppei ed tubes, giaduated at 1 ml, 
and was lead at 660 mp in the Beckman photoelecti ic specti ophotometei , 
equipped wuth the mici oadaptation desciibed b 3 '' Lowr 3 '' ( 6 ) In this 
manner 1 7 of phosphoius pei ml could be detei mined acciii atel 3 ’’ Ashing 
of the tuchloi oacetic acid filtiates was earned out in the same tubes in 
w^hich the coloi was developed 

Ribose was detei mined by the oicmol leaction (7) Fieshl 3 '- lecn^s- 
talhzed oicmol was dissolved in 95 pei cent alcohol (50 mg pei ml), 


“ Average deviation 
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this solution IS stable for a fen days nhen kept m an ambei bottle in the 
cold 2 ml of 0 0-1 per cent ferric chloride in concentrated HCl, 2 ml of 
unknon n (or of standard) and 0 6 ml of the alcohohc oi cmol solution were 
nuxed m a Ivlett colorimeter tube, covered, and heated for 35 mmutes at 
100° The peak of absorption of the resultmg green color, as determmed 
m the Beckman spectrophotometer, was at 670 m^ Keadmgs m this 
instrument at this nave-length oi m the Hett-Summerson colorimeter 
ivith Filter 660 gave concordant results 

According to Albaum and Umbreit (8), both free ribose and j^east 
adenylic acid (3-phosphoriboside) show a much sloner late of color de- 
velopment than does muscle adenj'hc acid (5-phosphonboside) The 
pentose m the enzjune showed the same rate of color development as free 
nbose, e g , the ratio of the densities at 660 m;i after 8 and 35 mmutes of 
heatmg was 2 2 for free ribose, 2 15 for the pentose m the enzyme, and 1 29 
for muscle adenjdic acid It nas therefore of mterest to test DPN, al- 
though the sample nas not pure, it showed a rate of color development 
similar to that of free ribose * Since pure DPN n as not available, free 
nbose nas used as the standard 

Pentose determmations were carried out on 1 to 2 mg of enz^une, either 
on the protem directly (the solution becomes cleai durmg heatmg) or on 
a tnchloroacetic acid filtrate That the DPN nhich is present m the en- 
zjTne appears m the trichloroacetic acid filtrate has been shown m Fig 4 
Pentose detennmations on the protem directlj’’ and on the tnchloroacetic 
acid filtrate shoned that all of the pentose (and phosphate) appeared m 
the filtrate A less complete recovery of pentose nas obtained m the 
filtrate of a heat-coagulated enz^une solution 

The average of ten determmations, made on several repeatedl 3 ' lecrys- 
talhzed enz^une preparations, n as 0 59 ± 0 04 per cent" of pentose In 
these determmations the enzyme crystals suspended m 0 66 saturated 
(NIB) 2 S 04 were centrifuged donm at high speed in the cold, and dissolved 
in n ater Ahquots n ere then used for pentode and for spectrophotometnc 
protein determmations 

As shon n in Table I, the same analytical values n ere obtamed on enzyme 
preparations that had been exhaustively dialj’zed agamst distilled n ater 
as on undialyzed preparations TlTien the enzyme was dialyzed at pH 
5 3 or 9 0 overnight at 0°, it lost most of its activity’’, but retamed its DPN 
as show n by pentose determmations TlTien a solution of the enzyme vv as 
crystallized m the presence of added DPN (about 10 times the amount 
present m the enzyme) and then recrystalhzed twice, its pentose content 
w as no higher than that of the origmal enzyme 

’ This indicates, incidentally, that the rate of color deielopment is not a reliable 
criterion for the differentiation of 5- and 3-phosphonbosides 
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These experiments show that the DPN is rather firmly combined with 
the enzyme and that theie is a stoichiometi ic latio between protein and 
DPN The analytical i esults in Table I indicate that the minimum molec- 
ulai weight of the piotem, based on its DPN content, is 50,000 Accord- 
ing to the ammo acid data (1), the minimum moleculai n eight is larger 
than this by a multiple of 2 Dii ect specti ophotomctric estimation cairied 
out both on the intact enzj^me and on a tiichloroacetic acid filtiate pre- 
pared fiom it indicates that at least 0 6 mole and 0 8 mole of DPN, re- 
spectively, aie piesent in 50,000 gm of the enzj’’me pi olein (Figs 3 and 4) 
4 Tieatment of the enzyme with phosphatase oi noiit lemoves DPN 
In both cases the catal 3 d;ic activity of the enzyme is picsei vcd (Table II), 

Tadlc II 


Effect of Treatment with Phosphatase or Nonl on Pentose Content of Glyceraldchyde 

Phosphate Dehydrogenase 


Erpenment No 

Enzyme treated with 

Pentose per mg cnzjinc 

Activity of treated 
enzyme ns per cent 
of control enzyme 

Control 

Treated 



y 

y 


1 

Phosphatase 

C 46 

1 35 

95 

2 

U 

6 04 

0 41 

67* 

3 

“ 

6 31 

2 34 

92 (96t) 

4 

Norit I 

G 50 

1 36 

86 

5 

K ' 

6 SO 

0 65t 


6 

it 

1 

6 80 

1 

2 43 

1 oot 



* Incubated without cysteine 
t After precipitation with (NHOsSO^ 
t After two norit treatments 


but the enzyme can no longei be crystallized from 0 66 saturated 

(NHOzSOi 

In the phosphatase expeiiments, solutions of the enzyme (15 to 30 mg 
pel ml ) weie incubated 15 to 30 minutes at pH 7 9 to S 5 at 30° in the 
presence of 0 1 mg of phosphatase pi otem^ per 25 to 50 mg of dehydi o- 
genase In two of the thiee experiments, 0 006 ai C3^steme was piesent 
during incubation to stabilize the dehydrogenase Conti ol samples with- 
out phosphatase w^ere treated in the same ivay At the end of the incuba- 
tion period, enzymatic activity was detei mined and the lest of the solution 
was brought to 0 66 saturation with (NH 4 ) 2 S 04 in a manner designed to 
effect crystallization of the dehydrogenase In one instance an amount 

* We are indebted to Dr Gerhard Schmidt for the sample of purified intestinal 
phosphatase 
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of phosphatase equivalent to that used during incubation was added to 
the control sample after salt addition While cr5'stals formed overnight 
m the control samples, none formed even aftei prolonged standmg in the 
samples v hich had been incubated v ith phosphatase Both the cr3’'stallme 
precipitate of the controls and the amorphous precipitate of the experi- 
mental samples were separated by centrifugation, v ashed with 0 7 saturated 
(NH4)2S04, and the pentose content of the protein determmed Table II 
shows that the treated enz3Tne had lost a considerable part of its pentose, 
while its enz3''matic activitj* was not destro} ed That DPN v as split b}'' 
the phosphatase vas shown by the liberation of morgamc phosphate 
In Expeiiment 3, enzjunatic activitj’’ w'as also determmed after precipita- 
tion w ith (NH4 )oS 04 

In Figs 1 and 2, absorption spectra of the phosphatase-treated enzyme 
are presented The removal of DPN is shown by a marked decrease of 
absorption betw^een 245 and 265 m/t at neutral pH, and between 265 and 
285 mpi at pH 12 The enzyme used in the absorption measurements w as 
that of Experiment 3, Table II, m which 63 per cent of the DPN had been 
removed (on the basis of pentose determinations) 

In the norit experiments, the enz3me crj-^stals were separated by centri- 
fugation and dissolved in ice-cold water to give a 1 to 3 per cent protem 
solution A suspension of norit w^as added, so that the mixture contamed 
13 mg of norit per ml After gentle agitation for 3 mmutes m the cold 
room the norit was removed by centrifugation and filtration The loss 
of protem was 10 to 15 per cent After treatment with norit, protem was 
deter min ed by the method of Robinson and Hogden (9) By repetition 
of the norit treatment it was possible to reduce the pentose content of the 
enzyme to 0 65 7 per mg The treated enzyme was brought to 0 66 
saturation with (NH|)2S04 solution, pH 8 4, one ahquot directly and one 
after addition of DPN (0 23 micromole per mg of protem, about 10 times 
the amoimt present m the enzyme) In the former case an amorphous 
precipitate formed and slowly settled In the latter case, crj^stals formed 
rapidly These crystals w ere mdistmguishable from those of the ongmal 
enzyme preparation After two recrystalhzations their pentose content 
was 6 85 7 per mg of protein This is withm the range of values found 
with untreated enzyme preparations These experiments show that the 
enzyme can recombme with DPN and that it crystallizes as a protem-DPN 
complex Furthermore, m this recombmation the original ratio of protem 
to DPN IS reestablished 


SDMaiAEY 

1 Crystallme n-glyceraldehyde-S-phosphate dehydrogenase from rabbit 
skeletal muscle contams a defimte amoimt of firmly bound diphosphopy- 
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iidine nucleotide (DPN) The minimum molcculai u eight of the 0023^111 e 
calculated fiom its DPN content is 50,000 

2 The piesence of DPN is sliown 1)3 the following data (a) The ultra- 
violet absorption spectium of the en7,3une indicates the piesence of gioups 
othei than t3uosine 01 ti3fptophaii in the legion 250 to 280 m/i (b) The 
addition of D-glyceraldeh3'’de phosphate and ai senate to a concentrated 
solution of the enz3mie leads to the appeal ance of the chaiacteiistic ab- 
soiption maximum of 1 educed DPN The band ai 340 m/i disappcais 
when pyiuvate and lactic dch3^diogciiase aie added (c) Piccipitation by 
heat 01 tiichloioacetic acid hbeiates a substance 111 the filtiate that can 
leplace DPN in deh3'di ogenase test S3’’stems (d) Ana^’-scs show' that the 
enzyme contains adenine, nicotin.imide, pliosphoiiis, and iibose in the 
latio 112 2 

3 Prolonged diab'sis of the cnz3'me between pll 5 3 and 9 0 does not 
lemove the nucleotide The DPN may be lemoved 1)3'' treatment w'lth 
intestinal phosphatase 01 noiit, aftei such tieatment the piotem retains 
its activity but does not ci3'&tallize The addition of DPN (aftei norit 
tieatment) leads to the foimation of ci3'stals containing the oiiginal ratio 
of DPN to piotem Fiom this it is concluded that the enz^'me cr3’-slallizes 
as a protem-DPN complex 
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THE MIINO ACID COMPOSITION OF ALDOLASE AND d-GLYC- 
ERALDEHYDE PHOSPHATE DEHYDROGENASE 

Bt SIDNEY F I'ELICK knd ETHEL RONZONI 

(From the Department of Biological Chemistrij, Ji asliington Unnermty School 
of Medicine, St Louis) 

(Rccei\ed for publication, December 5, 1947) 

Aldolase (1) and n-ghceraldehjde-S-phosphate dehydrogenase (2) cata- 
lyze consecutn e steps m the senes of enzynnatic reactions that lead to the 
formation of lactic acid These enzymaes n hieh constitute about 10 and 7 
per cent respectn ely' of the n ater-soluble proteins of rabbit skeletal muscle 
shon significant differences in solubihty', isoelectnc pomt, stabihty m solu- 
tion, sulfhydry 1 sensitn ity , and cry stal form The ammo acid anah ses to 
be desenbed account, withm the limits of erior of the methods, for essen- 
tially all of the nitrogen m the o proteins Small but significant diflFer- 
ences exist in the proportions of all but a few ammo acids and at least four 
of the ammo acids occur in the two proteins wuth wudely diffenng frequen- 
cies In spite of the differences, there are elements of sumlanty’' in the 
composition of the tw o enzymes, particularly^ the low contents of glutamic 
acid, which differentiate them from the structural proteins of muscle 

The analysis of aldolase is summanzed in Table I Ammo acid residue 
numbers are calculated on the basis of a mmimum molecular weight of 
140,000 This number is calculated from the molar ratios of the six ammo 
acids present in smallest amounts, as hsted m Table II The result falls 
between the values 136,000 and 150,000 determmed respectnely by sedi- 
mentation equihbnum and by sedimentation Aelocity^ and diffusion on 
myogen A (3) 

Table III contams a summaiy of the ammo acid analy ses of the dehy dro- 
genase In this table the residue numbers are calculated on the basis of a 
minimum molecular w eight of 99,060 The calculations of minimum molec- 
ular weight, based upon chemically determmed cystine, ty'rosme, tiypto- 
phan, prolme, and phosphorus, and a microbiological methionme determma- 
tion, are shown m Table The value 99,060 is i ery close to twice the 
mmimum molecular weight calculated from the content of diphosphopy- 
ridme nucleotide (4) 

The nitrogen content of the protems calculated from their ammo acid 
composition is shghtly higher than the total nitrogen determmed by' the 
micro-Kjeldahl procedure. Tables I and III How er er, the differences fall 
wnthin the hmits of possible cumulative error m the summation of twenty' 
independently determmed quantities It is not possible to state wuth cer- 
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taiiity that the balances as obtained exclude the presence of undetected 
nitiogenous components, although the piesencc of such substances appears 
unlikely 


Tabuc I 


Ammo Acid Composition of Crystallised Aldolase fi om Rabbit Skeletal Muscle 


Ammo acid 

Gm per 100 gm protein, 
n\ crage deviations 

Gni 

nitrogen 
per too gm 
protein 

No of 
residues 
per 1 10,000 
gm 

Jfctliods 

Glycine 

6 61 


104 7 

ID 

Alanine 

S 56 

1 346 

134 6 


Valine 

7 40 da 0 1 


88 5 

LM, LA 

Leucine 

11 5 ±02 

1 228 

122 8 

LA 

Isoleucine 

7 87 ± 0 4 

0 810 

84 0 

it 

Half cj^stine 

1 12 ± 0 03 

0 131 

13 1 

Chem* 

Methionine 

1 17 ± 0 2 

0 110 

11 0 

LM, LF 

Serine* 

6 57 ± 0 1 

0 870 

87 0 

“ Chem® 

Threonine* 

7 1 ± 0 4 



Chem® 


0 5 ± 0 3 


76 4 

LF 

Arginine 

6 33 ± 0 2 


50 9 

LM, Chem* 

Histidine 

4 21 ± 0 2 


38 0 

it 

Lysine 

0 54 ± 0 2 

1 829 

91 4 

t( 

Proline 

5 71 

0 095 

69 4 

ID 

Phenylalanine 

3 06 ± 0 1 

0 260 

20 0 

LM 

Tyrosine 

5 31 

0 411 

41 1 

Chem® 

Tryptophan 

2 31 

0 317 

15 9 

Chem* ® 

Aspartic acid 

9 7 ± 0 2 

1 020 

102 1 

LM 

Glutamic “ 

11 4 ±02 

1 085 

108 S 

(( 

Amide nitrogen 


0 91 

91 

Chem® 

Total 

114 




“ nitrogen 


WM 


Kjcldalil 


Key to methods ID isotope dilution (pipsyl derivative), LM hioassay ILcucono- 
stoc mesenteroides) , LA bioassay {Lactobacillus aiabinosus), LF bioassaj'' {Lacto- 
bacillus fermenlt), Ghera* photometric (phosphotungstic acid), Chem- photometric 
(periodate, chromotropic acid), Chem’ photometric (periodate, 7 J-h}'dro\jdiphen 3 d), 
Chem'* photometric (hj-^pobromite), Chem® photometric (mercuric chloride, nitrous 
acid), Chem® photometric (ultraviolet on mercurj’- precipitate), Chem^ photometric 
(p-dimethylaminobenzaldehyde), Chem® titnmctnc (micro diffusion) 

* We have not corrected the serine and threonine values for destruction during 
hydrolysis 

Both protems are relatively high m lysine and have sunilar but not iden- 
tical contents of argmme and histidine Aldolase is higher by about a 
factor of 2 in glutamic acid and leueme and is considerably lower than the 
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iiulivuluivl aimlyscB musC Imvo an accuracy of ±1 per cent Wo have not been able to supply independent evidence that the above 
analyses are actually accurnto to ivitliin these limits llio above calculations nro offered ns one teat of consistency of the data 
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dehydiogeuase m its content of valme and phenylalanine The glutamic 
acid level m the dehydiogeuase is among the lowest evei lecordcd for a pro- 
tein and the valine level is among the highest. Serine and threonme aie 

Table III 


Amtiio Acid Composition of d Olyccraldchydc Phosphate Dehydrogenase from Rabbit 

Skeletal Muscle 


Ammo icid 

Gm per 100 Rm 
protein iMth average 
(Iciintions 

Cm nilrORcn 
per 100 (,m 
protein 

1 No of 
residues per 
99,100 Km 

Metliod<;* 

Glycine 

6 03 

1 125 

70 G 

ID 


G 15 ± 0 1 


1 

LM 

Alanine 

G 72 

1 058 

1 74 7 i 

ID 

Valine 

12 0 ±01 

1 483 

101 9 

LM, LA 

Leucine 

G 78 ± 0 1 

0 724 

51 2 

It it 

Isoleucine 

9 1 ± 0 3 

0 972 

CS 7 1 

LA 

Half cystine 

1 09 

0 127 

9 0 

Chem* 

Methionine 

2 70 ± 0 2 

1 0 253 

18 0 

LM, LF 

Sennet I 

G 7 ±01 

' 0 803 

C3 2 

fi 


7 7 



Chem" 

Threonme t 

G 9 ±02 

0 811 

57 4 

LF 


7 2 ±05 



Chem’ 

Arginine 

5 23 ± 0 1 

1 C82 

29 8 

LM, Clipm< 

Histidine 

5 01 ± 0 1 

i 1 357 

32 0 

<1 

Lysine 

9 42 ± 0 3 

1 804 

63 9 

(( 

Proline 

3 G7 ± 0 03 

i 0 446 

31 G 

ID 

Phenylalanine 

5 55 ± 0 00 

0 471 

33 3 

LM 

Tyrosine 

4 57 

1 0 353 

25 0 

ChenV 

Tryptophan 

2 05 

0 281 

9 9 

Chem® ’’ 

Aspartic acid 

12 4 ±02 

1 304 

93 2 

LM 

Glutamic “ 

6 8 ± 0 2 ! 

0 G47 

45 8 

LM LA 

Amide nitrogen 


0 95 

67 2 

Chem* 

Diphosphopyndine nu- 


0 20 

2 0 


cleotide 





Total 


16 9 



“ nitrogen 


16 4 

1 

1 

Kjeldahl 


* For the key to the methods, see Table I 
t See the footnote, Table I 


similai in the two pioteins The cystine contents aie similar and low and 
do not reflect the apparent differences m sulfhydryl sensitivity 
In comparison with the myosm fraction of muscle, data for which have 
been compiled by Bailey (5), glutamic acid in both enzymes is verj'^ low, 
histidme, serine, threonme, and valme quite high 
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AMINO ACIDS IN ADDOLASD AND DDIIVDROGLNASL 


EXPERIMENTAD 

The enzymes^ were dialyzed at 4° first against running tap water, then 
against fiequent changes of distilled watci foi sevcial days The contents 
of the dialysis sacs weie then fiozcn and diied in vacuo ilftci equilibrating 
with the atmosphere, the moistuie contents wcic detennmed by di^ung 
samples at 0 01 mm pressure over PoOs at 112° The ash in the diied 
enzymes was of the ordei of 0 1 to 0 2 per cent Total nitrogen was deter- 
mined by the micro-Kjeldahl procedure of Millci and Houghton (6) 
Amide nitrogen was liberated by 2 houi h 5 ''drol 3 ’'sis uith 2 n hydrochloric 
acid at 100° and determined by titration aftei distillation in Conn ay micro 
diffusion vessels (7) The latter analj'^scs nere carried out on dialj’^zed solu- 
tions of the enzymes analyzed foi total nitrogen and coirectcd for small 
amounts of residual ammonium salts 

Laciobacillus aiahinosus 17-5 (No 8014) was used for the determination 
of glutamic acid, cystine, isoleucme, leucine, and valine The basic medium 
was that of McMahan and Snell (8) It was found that omitting prolme 
and hydroxypiolme left a medium supporting noimal growth and acid pro- 
duction, and these ammo acids were therefoie omitted fiom the media m 
most of the assays with this organism 

Following the study of the ammo acid requirements of Leuconosloc 
mesenlcT oides P-60 (No 8042) by Dunn, Shankman, Camien, Frankl, and 
Rockland (9), this organism was used to check the results obtamed with 
Laciobacillus arabinosus and for the deteimination of the other ammo acids 
essential for its growth For histidine (10), Ij^sme (11), and gl 3 mme (12) 
the methods described by Dunn and coworkers were used The basic 
medium, D, of Dunn et al (9) m double concentration was found suitable 
for the determmation of the other ammo acids IVlien the complete 
medium was used, addition of the maximum amount of protem h 3 ’’drol 3 '’sate 
employed m an assay caused no further mcrease m acid production over that 
given by the basal medium alone Fiom this it seemed piobable that non- 
specific stimulation effects were absent m the assa 3 ’’s of the individual ammo 
acids 

We followed the procedure of analyzmg numerous small hydrolysates of 
mdependent enzyme preparations Weighed samples of 20 to 100 mg 
corrected for moisture were hydrolyzed for 16 hours m 6 n hydrochloric acid 
at a bath temperature of 125° The hydrolysates were neutralized to pH 6 
and diluted to volume Growth was measured titrimetrically The 
assay curves contamed four to six pomts of a dilution series fallmg m a sen- 
sitive region of the standard cun'-e An analysis as reported consisted of 

1 These preparations were made by Dr G T Con and consisted of four to 3 i\ 
times recrystallized samples of the enzymes 
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three to seven independent assay curves In Table V are listed the con- 
centration ranges and conditions under which the vanous assays were 
carried out In Table VI are shovm the results of some smgle assay curves 
obtamed on different preparations of the two enzymes 
In the course of the work, four preparations of each enzyme were used 
and each ammo acid was determmed m two or more preparations The 
obseia^ed de-v lations between different preparations fall withm the limits of 
variation obtamed on the same preparation at different tunes The average 
deviation expressed m Tables I and II represents unweighted averages of 


Table V 

Summary of Bioassay Condrtions 


Ammo acid 

Configuration 
of standard 
ammo acid 

Organism 

Test 

volume 

Range 

Incubation 
time (37®) 




ml 

y per lube 

hrs 

Arginine 


LM* 

6 

6-30 

48-72 

Aspartic 


<( 

5 

10-60 

48-72 

Cjstine 

L 

» LA 

5 

4-20 

48-72 

Glutamic 

L 

tt t( 

5 

8-80 

48-72 

Glycine 


it 

3 

8-40 

72 

Histidine 

L 

(t 

3 

2-12 

72 

Isoleuoine 

DL 

“ LA 

5 

5-40 

48-72 

Leucine 

DL, h 

** if 

5 

10-50 

48-72 

Lysine 

L 

t( 

5 

10-70 

72 

Methionine 

DL 

tt 

3 

2-12 

72 

Phenylalanine 

DL 

tt 

5 

4-20 

72 

Proline 

L 

(1 

5 

6-60 

48 

Senne 

DL 

C( 

5 

6-60 

48 

Tyrosine 

L 

tt 

5 

3-15 

72 

Valine 

DL 

“ LA 

5 

8-40 

48-72 

Threonine 

DL 

LF 

3 

7-35 

48 

Methionine 

DL 

(( 

3 

4-20 

48 


* See Table I for an explanation of the contractions 


all analyses Only a few obviously aberrant results were rejected In 
general the errors seemed to be largely of a random nature 
Tyrosme, tryptophan, serme, threonme, cystme, argmme, and alanme 
vere determmed chemically The procedure of Lugg (13) with alkahne 
hydrolysates was followed m essential detail m the determmation of tyro- 
sme, except that the colors were read m the Beckman spectrophotometer 
The tryptophan mercury complex obtamed by Lugg’s precipitation pro- 
cedure was redissolved and determined directly vnthout color development 
by Its absorption m the ultraviolet as suggested by Brand and Saidel (14) 
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Tryptophan m the dehycliogcnase was detci mined also on the unhydrolyzed 
piotein as described by Sullivan and Hess (15), vith lesults identical with 
those from the mcicuiy piecipitation pioccduic It is of consideiable inter- 
est from the standpoint of iiiotcm structuie that aldolase by the same direct 
pioceduie on the unhydrol 3 ''zed piotcm develops the ti^’ptophan color vith 
p-dimethylaminobenzaldchydc much moic sloulj’- than other proteins and 
does not leach the value obtained 113 '- the isolation method 
Serme and threonine weic dcteiiiiincd by pciiodate oxidation In the 
case of serme the foimaldch 3 ''de produced in the peiiodatc icaction vas dis- 
tilled fiom the leaction mixture as dcsciibcd b 3 ’' Bo 3 ’’d and Logan (IG), but 
on a somewhat reduced scale, and detci mined photometiically accordmg to 
the conditions defined by MacFad}^!! (17) The acetaldehyde resulting 

Tabli. VI 


Results of Some Single Ammo Icid Assay Cut ics on Dtjfcient Preparations of Aldolase 
and V)-Glyccraldchydc Phosphate Dehydrogenase 


Enzyme 

Prcp'vrntion 

No 

Hydrolysitc 



Ljsine j 

1 

Lcucinc 

j Valmc 

Aldolase 

1 


1 

3 

17 


G 

8 

3 

11 

0 

7 

3G 







4 





7 

54 


2 

Mm 

3 

OG 

11 

3 

8 

G 

11 

8 

7 

24 



MM 

3 

07 



8 

9 






3 

a 



11 

1 

8 

4 

11 

3 

7 

46 

Dehydrogenase 

1 

It 

5 

51 

7 

0 

9 

4 

G 

56 

12 

3 


1 

b 



G 

7 

9 

2 

6 

70 

11 

0 


2 

a 

5 

5G 



9 

8 

6 

57 

11 

9 



b 

5 

45 










3 

a 



6 

9 

9 

4 

G 

71 

11 

9 


from the threonine oxidation was determmed by the photometric method of 
Block and Bollmg (18) In these as well as m the other chemical methods 
that were employed the standard solutions weie carried through the same 
procedures as the unknovms 

Recent mvestigations of Dunn, Shankman, Camien, and Block (19) vnth 
a highly enriched medium show that prolme and serine are not essential for 
Leuconostoc mesenteroides Howevei, usmg Medium D, we could assay 
these ammo acids with apparent success The acid production m the 
blanks was low and there was little increase m the mterval between 48 and 
72 hours The data for individual anatyses at different levels show good 
agreement Microbiological and cheimcal analyses for senne in aldolase 
agree to xvithin 3 per cent The chemical determination of serine in the 
dehydrogenase yielded a value of 7 69 per cent m contrast to a value of 6 6 
per cent obtamed by the microbiological procedure Hydroxylysme is de- 
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tenruned together woth senne when the latter ammo acid is determmed as 
formaldehj de m the periodate reaction (20) Hydroxyprohne has hkemse 
been found to jueld formaldehyde imder these conditions (21) In contrast, 
the microbiological assay for senne is certainlj’’ independent of hydroxj'- 
prohne and it is unlikely that it responds to hj’-droxylysme Consequently 
the agreement of chemical and nucrobiological assays of senne m aldolase 
IS presumptive evidence of the absence of the mterfenng ammo acids m that 
protem The possibility of their presence m the dehydrogenase must be 
left open, smce the chemical results were defimtely high 

In addition to the determmation of threomne by the penodate method, 
which was rather vanable m our hands, we have earned out microbiological 
assays with Laclobacillus fermenlt This organism m a medium deficient 
only m threonme slowly acquires the abihty to grow without it However, 
the presence of lov concentrations of threonme inhibits adaptation and the 
organism maj’’ therefore be used for assaj"^ (22) Our results vuth Lac- 
iohacillus fermenh were consistent but were lower than the chemical 
determmations 

Analyses for cjstme, earned out bj"- the polarographic method of Stem, 
Beach, and Macy (23), established the relative levels but suJEfered from the 
uncertamties mvohed m the required extrapolation to zero protem con- 
centration The results of microbiological assays with Leuconosloc mesen- 
teroides and Lactobacillus arabinosus were m essential agreement with the 
polarographic determmations but showed m mdividual analyses somevhat 
larger average vanation from the mean than vas desired We therefore 
also analyzed for total cystme by the photometnc method of Kassell and 
Brand (24) This procedure gave highly reproducible results about 5 per 
cent higher than those by the above methods 

Difficulties were encountered m the determmation of alanme Wlule 
this ammo acid is not absolutelj’’ essential for Leuconosloc mesenter aides, 
Lactobacillus fermenti, or Streptococcus faecalis, it does have a distmct accel- 
erating effect on growth Attempts to utihze this effect for assa 3 '- purposes 
were -without success and ve therefore emploj’-ed the chemical method of 
Block, Bolhng, and Webb ((18) p 266) This method has senous defects, 
not the least of which is the fact that it simultaneouslj' determmes threonme 
for which a correction must be applied 

In view of the uncertamties concemmg the alanme anatyses we submitted 
samples of the protems to Dr Sidnej-- Udenfnend, of the Department of 
Chemistry, New York Umversity Medical School, who kmdly undertook 
anal 3 'ses by the isotope dilution procedure of Keston, Udenfnend, and 
Cannan (25) He found 8 56 per cent alanine m aldolase and 6 73 per cent 
in the deh 3 ’’drogenase, m contrast to our values of 7 87 and 5 92 per cent 
respectively Smce the analyses -with radioactive p-iodophenylsulfon 3 ’-l 
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chloiide weie conti oiled ivitli lespect to iccovery from artificial amino acid 
mi\tuies and would have been low rather than high if partial racemization 
had occuiied duiing h3'^dioIysis, wo accept them in preference to our oivn 
In addition to the analysis foi alanine, Di Udenfiicnd al&o earned out 
anatyses for piohne and glycine The piohne lesults u ere about 9 per cent 
lower than the miciobiological assays and, since the}’’ were performed with 


Table VII 

Avnno Acid Aiialyscs of Crystallized Bovine Set inn Uburnin 


Ammo acid 

1 

^ Previous worl j 

Prerent rorh 

! Gm per 100 
' gm protein 

1 

Method* 

Gm per 100 
CTi protein 

Method! 

Glycine 

1 9G 

Q 

2 0 

LM 

Valine 

0 6 

h 

G G 

LA, LM 

Leucine 

13 7 

tt 

13 2 

LM 

Isoleucine 

2 9 

n 

2 7 

tt 

Cystine 

G 62 

It 

C 60 

CIicm‘ 




C 2 

LM 

Methionine 

0 81 

It 

0 80 

tt 

Serine 

4 5 

tt 

4 Oi 

(t 

Threonine 

6 5 

it 

7 U 

Chem’ 

Arginine 

G 2 

ti 

6 9 

LM 

Histidine 

3 80 

tt 

4 00 


Lysine 

12 42 

a 


“ 

Phenylalanine 

C 2 

h 

G 05 

tt 

Tyrosine 

5 63 

a 

5 50 

Chem' 

Tryptophan 

0 68 

b 

0 58 

Chem^ 

Proline 

6 C 

tt 

5 6 

LM 

Aspartic acid 

10 26 

a 

10 45 


Glutamic “ | 

16 95 i 

tt 

i 

17 0 

1 

LA 


* Method a, Shemin (28) Method b, Brand (26) 
t For the key to the methods used, sec Table I 

t In order to facilitate the comparison with Brand’s figures ^e have followed bis 
procedure heie of applying an arbitrary 10 per cent correction for the destruction of 
serine and threonine during the hydrolysis 

the DL-prohne denvative as carrier, a second analysis of the dehydrogenase 
was made with the L-prohne denvative as carrier No significant diffeience 
was obsen^ed m the results The discrepancy may be due in part to 
impuiities in the standard Although the n-prolme sample employed 
exhibited the proper optical rotation and theoretical nitrogen content, it 
liberated about 0 2 per cent piimary ammo nitrogen in the manometric 
Van Slyke apparatus The control analyses compared favorably with the 
previously published figures also obtamed microbiologically (Tables VII 
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and VIII) A discrepancy of this type suggests the possibihty that partial 
destruction dunng hydrolysis, nhich is difficult to estabhsh, amII undoubt- 
edlj lead to lo^^ results in isotope dilution analysis but may yield products 
Mhich are metabohcally active m microbiological assay The isotopic 
glycme results v ere aldolase 5 61 per cent and dehydrogenase 6 88 per cent, 
as compared v ith microbiological values of 6 12 and 6 98 per cent 
respectively 


Table VIII 


Ammo Acid Analyses of Zmc Insulin 


Ammo acid 

Previous work* gm 
per 100 gm piotem 

Present work 

Gm per 100 gm 
protem 

Methodf 

GI 3 cine 

4 6 

4 6 

LM 

Valine I 

8 8 

9 1 


Leucine 

13 4 

13 0 

(( 

Isoleuoine 

2 9 

2 8 

LA 

CjrBtine 

11 6 

11 7 

Chem' 

Senne 

5 8 

6 6 t 

LM 

Threonine 

3 16 

3 5t 

Chem’ 

Arginine 

3 47 

3 4 

LM 

Histidine 

5 28 

5 30 

(< 

Lysine 

2 6 

2 4 


Phenylalanine 

7 9 

7 95 

(1 

Tyrosine 

12 3 

12 2 

Chem‘ 

Glutamic acid | 

20 2 

19 9 

LA 

Prolme 

2 9 

2 9 

LM 


* Brand ((26) p 198) 

t For the key to the methods used see Table I 
t See the foot note to Table VII 


Because the glutamic acid levels are of considerable mterest, we em- 
ployed, m addition to Leuconostoc mesenteroides and Lactobacillus arabinosus, 
S R stram 12 of Clostridium welchii which Gale has shown to decarboxylate 
specifically L-glutamic acid m protein hydrolysates (27) Our experiments 
with this method have not been extensive but the results tend to confirm 
the previously determmed figures 

Dunng the process of standardizmg our methods, we earned out analyses 
of crystallized bovine serum albumm. No 46, from Armour and Company, 
and crystallized zmc msulm, 24 activity units per mg , from Eh Lilly and 
Company Different and possibly more highly purified samples of these 
protems had previously been subjected to mtensive analysis by Brand and 
coworkers by chemical and nucrobiological procedures (26) Isotope dilu- 
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tion analyses of bovine seium albumin have been pcrfoimed by Sliemin 
(28) 

The contiol analyses agree lather well with the picMOUsly published 
woik (Tables VII and VIII) Eaily analyses foi isoleucmc v cic very much 
higher than Brand’s figuies and we wcie led to suspect the presence of 
isomeiic impunties in our standard Dii-isolcucinc Subsequent assays vnth 
a DL-isoleucine standard that had been sliowTi b's Dr M S Dunn to be 
about 97 per cent puie by solubility studies indicated that our original 
sample contained about 19 pei cent impurity, picsumably the alio isomer 
Assays with the nev DL-isolcucme standard, as shovii m Tables VII and 
VIII, aie now slightly lowei than the values of Biand 

The discrepancies m the seimc and thieonme \ allies find no icady expla- 
nation and seem to be due in pait to defects m tlie methods, some of vhicli 
have been discussed previously Although it Ins not 3 mt been possible to 
evaluate all of the methods on an absolute basis, the control nnal 3 ’-scs speak 
well for their iepioducibiht 3 '- in different hands 

We aie mdebted to Di M S Dunn and cowoikers foi helpful adiice 
and foi samples of gl3'-cme media and of L-loucme and DU-isoleucme of knovn 
puiity 


summahi 

1 Aldolase and D-glyceialdeh 3 ’’de phosphate deh 3 '^diogenase haiebeen 
subjected to complete ammo acid anal 3 '-sis b 3 ' miciobiological and chem- 
ical procedures 

2 Within the limits of eiiors of the methods, all of the nitiogcii of aldo- 
lase has been accounted foi by its content of eighteen ammo acids 

3 The nitiogen of D-glyceraldeltyde phosphate deh 3 ’diogenase is hkev ise 
accounted foi b 3 '' its content of eighteen ammo acids and diphosphopyridme 
nucleotide 

4 The minimum moleculai weight of the deltydrogenase calcul ited fiom 
five observed residue numbers is 99 000 and that of aldolase is 140,000 

5 Analyses of crystallized bovine seinni albumin and of ci 3 'stalhzed 
zinc insulin are presented These anal 3 '^ses for the most part are in agree- 
ment with previously published figuies 

6 Included in the results are isotope dilution analyses tor gl 3 'cme, prohne, 
and alanine b 3 ’- Di Sidney Udenfiiend of the Department of Chemistr 3 ', 
New York University College of Medicine 
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THE IHETABOLISM OF p-A]MINOSALICYLIC ACID IN THE 
ORGANISM OF THE RABBIT 
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The importance of p-ammosahcyhc acid m the treatment of tuberculosis 
has been demonstrated both clmically and expenmentall3’- (1-6) The 
close structural relationships between benzoic, sahcj’^hc, p-ammobenzoic 
(PABA), and p-ammosahcj he (PASA) acid n arrant a comparative study 
of the metabolism of these substances m the a nima l bod3' * Recent 
workers, mterested m the behaiior of PABA m man, the dog, and the 
rabbit, have concerned themsehes chiefl3’’ mth the acet3lation of this 
compound, vith httle consideration for other possible metabolic reactions 
such as conjugation \nth glycme to form the conjugate, p-ammohippunc 
acid It IS of interest to note that m mtro S3Tithesis of this latter compound 
from PABA 113’^ homogenates and tissue liver shoes has been demonstrated 
recently (8-10) In a comprehensive study of the fate of sahc3hc acid 
in man (11), 80 per cent of a smgle dose nas evereted b3' the kidne3’’s, of 
this 20 per cent was unchanged, 55 and 25 per cent m conjugation with 
glycme (as salicyluric acid) and glucuronic acid respective^, and a small 
amount (4 to 8 per cent) as gentisic acid and other products of oxidation 
In children and m febi ile patients, oxidation of sahc3 he acid was mcreased, 
while, in feier, the conjugation to form sahcylunc acid was diminished 
Lutwak-Mann (12) isolated gentisic acid from the urme of rats to which 
sahc3hc and acet3 lsahc3dic acids had been fed, and obsened that when 
the ammals w ere poisoned w ith carbon tetrachlonde or 3^ellow phosphorus 
the formation of gentisic acid was decreased Detailed studies of the 
fate of sahc3 he acid in the rabbit are not available In general, how e\ er, as 
pointed out b3 Quick (7), the conjugation of gl3cme wnth an aromatic 
carbox3 1 group is markedl3 inhibited b3 a substituent group in the ortho 
position as in sahc3'hc acid Systematic studies of the metabohsm of 
saheihe acid and related compounds with moie specific methods for the 
determination of products of metabohsm are needed It has seemed, 

* Government of India Scholar 

t Scholar of the 15 atumull Foundation of Los Angeles 

* For a review of older work on the metabolism of substituted benzoic acids, the 
studies of Quick (7) should be consulted 
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theiefoie, desnable to have infoi mation as to tlic biological behavior of 
PASA in as many animals as possible in ^oe^\ of the inaiked species varia- 
tions knovm with othei aiomatic acids, c g , benzoic acid in man, tlio dog, or 
the labbit As an initial contiibution to this pioblcm, ve piesent here the 
results of an investigation of the metabolism of PASA in the rabbit 

nXPnHIMllNTATi 

CollecUon of Spccmiens — Male labbits, 2 to 1 kilos in weight, were mam-' 
tamed on a diet of cabbage and oafs The pioccdtiics of caging and the. 
collection of the uiiiie weie those usuall}’- employed in this laboratoiy (13) 
Decomposition wms pievented b}"^ the addition of 10 ml of 1 per cent iiitiic 
acid to the collection bottle The PASA was admmisteied oially through 
a stomach tube eithei as a solution of the sodium salt oi as the acid in fine 
suspension in watei, oi was injected intiamusculaily as a fleshly prepared 
solution of the sodium salt 

Coinpounds Fed, Stability — The PASA w'as ciystallized fiom absolute 
alcohol and dried over phosphorus pentovidc The crj'stalhne white 
material melted at 150° (decomposition) and contained 9 09 per cent of 
nitiogen (theoietical, 9 15 per cent) on analysis (semiimcio-Kjeldahl) A 
10 mg per cent solution of the acid had an initial pll of 3 2, w Inch changed 
to 4 2 on standing at lOom temperatuie foi 4S hours and to 4 7 in a week, 
aftei being heated on the steam bath foi 1 hour, the pH of the solution w as 
5 4 This change in reaction is believed to be due to a slow’^ decaiboxjda- 
tion of the compound in aqueous solution wuth the formation of ?n-ammo- 
phenol As showm by the non reaction (to be discussed subsequently), 
the decaiboxylatious in 24 and 48 hours w^eie 41 and 54 pei cent respec- 
tively Wlien the material w^as dissolved in 4 per cent toluenesulfonic acid 
(pH 1 0), only 18 per cent decaibox^dation occiiried at room tempeiature 
in 24 houis, although this reaction wms complete aftei heating the solution 
on the steam bath foi 1 hour 

Crystallized PASA was suspended in 95 pei cent alcohol and the mi\tuie 
wms carefully neutralized with alcoholic sodium h3'^di oxide until a definite 
pinlv color woth phenolplithalein was obtamed Tins solution of sodium 
salt wms poured slowdy rnto cold ether, wnth shaking The precipitated 
sodium salt was filtered, washed wuth cold ethei, and dried The salt ap- 
pealed to form a loose molecular compound with ether but the sohent 
could be removed bj' continuous evacuation at 0 5 mm pressure over 
pliosphoius pentoxide until the rveight became constant A sample thus 
diied gave a loss of 14 31 per cent The diied sample contamed 7 48 per 
cent of nitiogen (theoretical 711 per cent) In all cases m which the 
sodium salt wms administered orally to the rabbits, the amount adminis- 
tered is calculated as the dried salt The sodium salt w'as very soluble 
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in water A 100 mg per cent aqueous solution of the sodium salt (pH 
appro-omatelj 6 8) appeared to be stable even at a pH of 9 0 and no de- 
carboxjdation (as v as e\ idenced by the iron reaction) occurred when the 
solution was heated on the steam bath for 1 hour There was shght dis- 
coloration m concentrated solutions on exposure to hght, but samples of 
the dry sodium salt hai e been kept for several months without detenora- 
tion 

Methods of Analysis — Tv o color reactions have been employed to follow 
the metabohsm of PASA Compoimds containmg the orthohydroxj’-- 
benzoj 1 group gi% e an amethj st color with feme salts m an acid medium, 
due to the formation of an iron complex The quantitative aspect of this 
test has been the subject of a careful studj’’ by NichoUs (14) and Brodie and 
cov orkers (15) In P \S the color formation should not take place if the 
OH group has been blocked bj'' substitution or if decarboxjdation of the 
COOH group has occurred 2-Hydrox3'--4-ammohippunc acid (the PASA 
analogue of sahcjdunc acid) also gives a similar color, but of different 
intensity 

The free arylarmno group is charactenzed by the lemon yellow color 
formed mth p-dimethjdarmnobenzaldehyde (Ehrheh’s reagent) This re- 
action has been applied to the determination of sulfamlamide den\ atives 
in plasma and unne (16-19) Moms (20) has shown that, for the success- 
ful application of the p-dimeth 3 dammobenzaldehyde reaction to the estuna- 
tion of sulfamlamides, the test must be earned out m acid media (pH 1 5 
to 1 7) and m the presence of an excess of the aldehj de reagent Both of 
these conditions are met m our procedures bj*^ carrjmg out the reaction at 
a pH of 2 0 to 2 2 and addmg a constant amount of Ehrheh’s reagent 
buffered mth a mnxture of sodium acetate and acetic acid N-Acetylated 
PASA did not gi\e this reaction and could be estimated after hydrolysis 
vnth acid as m-ammophenol 

Reagents — 

1 20 per cent p-toluenesulfomc acid (TSA) 200 gm of TSA mono- 
hydrate (21, 22) were dissolved m 600 ml of water, stirred vnth a small 
amount of nont K foi 10 mmutes, filtered, and the filtrate made up to 1 
liter 2 \olumes of this stock solution vere diluted with 3 volumes of 
water to give 8 per cent TSA 

2 Iron reagent A 1 68 per cent solution of Fe(N 03)3 9HjO (INIerck) 
m 0 07 N mtne acid 

3 Ehrheh’s reagent 2 gm of p-dimethylammobenzaldehyde (East- 
man) V ere dissolved m 100 ml of glacial acetic acid and added to an equal 
■volume of a 4 M solution of anhj^drous sodium acetate \\Tien 1 ml of 
this reagent v as added to 10 ml of 4 per cent TSA, the pH v as 2 0 to 2 2 

Measurements of CoJoi — AH measurements of color mtensitj' were made 
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With a Coleman Univeisal spectiophotometoi (model 11) The blank was 
set at 100 per cent tiansmission and matched tubes n ere used for containers 

Standard K Valves — A sample of PASA, tnice ci^'stallizcd fiom absolute 
alcohol and diied ovei phosphorus pento\idc, was used to prepare a stand- 
aid stock solution containing 1 mg pei ml Since PASA is not freely 
soluble in ivater and is stable in aqueous solution onl}" as the sodium salt, 
the acid (100 mg ) was ncutiahzed nith 1 pei cent sodium caibonate solu- 
tion and made up to 100 ml Foi the iron inaction, a 10-fold dilution of 
the stock solution lAas made 1 to 8 ml samples were added to tubes 
containing 2 ml of 20 pei cent TSA and the volume w as made up to 10 ml , 
so that the final concentiation of TSA was 4 pei cent 2 ml of the iron 
leagent weie added to each tube and the color was lead at 500 m/z with a 
w'^ater blank similaily tieated Theic seemed to be no delay m the develop- 
ment of the coloi, noi any fading w'lthm a leasonablc length of time How- 
evei, the leadings w^ere taken between 5 and 20 minutes The average K 
value for the concentiations of fiom 0 1 to 0 8 mg w as used for the calcula- 
tions of the unknowms 

Foi the Ehihch reaction, the stock solution was so diluted that 1 ml of 
the diluted solution contained 0 005 mg of PASA The procedure as 
outlined above w^as follow'ed, except that 1 ml of Ehihch ’s reagent was 
used to develop the coloi, which w'as icad at 450 mv Heic also the color 
developed immediately and was quite stable, leadings weie iisualb’’ taken 
between 5 and 20 minutes The aveiage K value obtained over the con- 
centiation range of 0 005 to 0 040 mg was used foi calculations 

Similaily the aveiage K value (Ehrlich) for wi-ammophenol was obtained 
for a range of 0 005 to 0 040 mg to calculate the m-ammophenol (IMAP) 
produced after hydiolysis As w'ould be anticipated, this Amlue agiees 
veiy well with that obtained diiectly from knowm amounts of PASA after 
hydrolysis m 4 pei cent TSA 

Iron Reaction — To 5 ml of iiime so diluted as to contain 0 2 to 1 2 mg 
of PASA, 5 ml of 8 pei cent TSA w^eie added, follow^ed by 2 ml of the iron 
reagent The pink coloi was lead at 500 mju wnth a similailj tieated nor- 
mal urine blank foi 100 pei cent tiansmission 

Ehrheh’s Reaction — (a) The fiee aiylamino gioup was estimated by 
addmg 5 ml of 8 pei cent TSA to 5 ml of a suitably diluted mine sample, 
followed by 1 ml of Ehihch ’s reagent The coloi w as lead at 450 m^ wath 
a similarly treated normal uiine blank foi 100 per cent transmission (5) 
For the determination of total aiylamino gioups, 5 ml of the suitably 
diluted uiine weie hydrolyzed with 5 ml of 8 per cent TSA m a loosely 
stoppered graduated tube in a boihng water bath foi 1 houi The tube 
w’’as then cooled, the level of the fluid again brought to the mark as neces- 
saiy, and the color developed with 1 ml of Ehrlich’s reagent A similarly 
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treated normal urme as used as the blank and the color was read at 450 
mfi Since PASA, under the above conditions, is completelj'- decarboxj’^- 
lated to ]MAP, the results calculated as MAP i\ ere com erted into PASA 
by multipljung bj’’ the factor 153/109 In the above estunations, the 24 
hour sample of urme previous to the admmistration of PASA v as suitably 
diluted to give suitable blanks to correspond to 6 and 18 houi specimens 
of normal urme 

Glucuromc acid vas estimated by the modification of the Maughan, 
EacIjui, and Browne method (13) commonly used m this laboratory, and 
creatinine and unnat^ sulfur partition by the methods of Folm PASA 
did not interfere v ith the estimations of glucuronic acid or creatmme 

DISCUSSION 

150 mg daily of PASA (as the sodium salt) per kilo of body weight 
could be administered oially to male rats for 2 weeks wnthout signs of 
toMcity or impairment of growth To determine whether anj"^ significant 
fraction of the dosage escaped absorption, the feces wme analyzed for 
PASA in tw 0 experiments with rabbits The amount found w as so small, 
less than 5 mg in a 24 hour feces, that it w'as thought that the routine 
analysis of the feces w as not necessary 

In Table I, the results of urmary excretion of PASA and denvatives 
based on the Ehrhch reaction aie summanzed 53 to 80 per cent of the 
compound ingested orally could be accounted for m the urme On the 
other hand, when the compound was administered "by intramuscular injec- 
tion, there w as a greater recovery, about 90 per cent, as mdicated by the 
Ehrlich reaction In eithei case, 70 to 90 per cent of the total amount of 
PASA recovered w as excreted m the first 6 hours, and dunng this period 
55 to 80 per cent of the amount excreted w as m the acetylated form The 
lower levels of acetylation, about 40 per cent m the 6 hour penod, when 
the compound was administered parenterally, may be due to the rapidity 
of excretion The rapid elimmation of PASA makes it improbable that 
the fraction not recovered could be stored m the tissues It has been 
beheved that a certam amount of salicylic acid may be destroyed in the 
organism (23) This is in contrast to the unsubstituted compound, benzoic 
acid, w'hich may be almost complete^ accounted for m the urme after 
admimstration 

Unne was collected from four rabbits, each fed 1 gm of PASA on 2 
successive days The sample w as treated wnth neutral lead acetate The 
precipitate was centrifuged and the centrifugate was made just alkalme 
wth ammomum hydroxide and treated wnth basic lead acetate The 
precipitate w as centrifuged and w as decomposed bj’- treatment wnth h 3 ’^dro- 
gen sulfide The lead sulfide was filtered, w ashed, and the filtrate and the 
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washings, aftei aeiation, weic kept m the lefiigciatoi for 72 houis The 
ciystalline white solid (400 mg ) ^\as filtered, ashed A\ith a small quantity 
of ice-cold watei , and di led in the desiccatoi The acetyl PASA thus ob- 
tained melted at 212° with decomposition The mothci liquoi Mas ex- 
tracted four times with 200 ml jDOitions of ethci and from the ether extract 
1 gm of an impuie white solid was obtained On washing this with small 
quantities of ether, 150 mg of the spaimgly soluble acetyl compound re- 
mained on the filter The ethei -soluble fraction (800 mg ) aftei crystalh- 

Tadle I 

Urinary Excretion of PASA and Derivatives by Rabbits {Ehrlich Reaction) 

The sodium salt used for oral administration was pieparcd as dcsciibed in the 
te\t For injection, the sodium salt was prepared freshly bj the neutraliration of 
the PASA with the theoretical amount of sodium bicarbonate 


PASA 

Method of administration 

PASA excreted 

PASA neetj 
hted, of total 
excreted 

adminis- 

tered 

6 hrs 

24 hrs 









S| 

■■ 

ms 


per cent oj 
intake 


per cent oJ 
intake 


per 

cent 

per 

cent 


Salt, oral 

21 

42 

22 


67 

72 


it (< 

25 

34 

26 


58 

65 


ti a 

16 

45 

18 


74 

77 

362 

<( «< 

11 

27 

13 

40 

70 

75 

330 


9 

39 

10 

53 

82 

84 

571 

Acid, “ 

20 

25 

25 

47 

56 

65 

796 

(< (( 

14 

27 

17 

36 

65 

68 

750 

<C (( 

12 

22 

17 

42 

65 

71 

580 

Salt, intramuscular 

46 

28 

48 

39 

38 

45 

740 

CC << 

47 

32 

49 

42 

40 

46 


zation from absolute alcohol wms identified as PASA The acetyl com- 
pound was puiified by solution in dilute sodium bicaibonate solution 
(charcoal) and piecipitation with dilute hydiochloiic acid The sample 
thus obtained was filteied, washed with cold wmtei, dried fiist in a desic- 
cator, and finally m an oven at 60° The isolated compound and a pure 
sample of acetyl PASA weie heated in a bath whose tempeiatuie wms using 
slowdy They melted at 212° and 214° respectively wuth decomposition - 

2 According to a private communication, Mr Leonard Doub has observed a decom- 
position point of 233-234° (uncoirected) m a bath when the temperature was increased 
rapidly The decomposition point was not precise and depended on the rate of heat- 
ing 
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A imxed sample of the two showed no depression in the melting point 
Found, mtrogen 7 23 per cent, theoi^”-, nitrogen 7 19 per cent The iso- 
lated acetyl derivative 'uas also analyzed by the color reaction with the 
iron reagent to give 98 5 per cent purity and after hydiolj^sis vnth 4 per 
cent TSA for 1 hour under the usual conditions, as m-ammophenol, 98 per 
cent, by the Ehrhch reaction 

Since in most experiments the PASA was administered orally, an at- 
tempt nas made to demonstrate whether the contents of the stomach or 
the mtestmes would decompose the compound in iniro The stomach and 
the small mtestmes of rats and rabbits were removed separately and the 

Table II 

Incubation of PASA with Homogenized Gastric and Intestinal 
' Contents of Rabbit and Rat 


In all experiments except Experiment 19 9, the contents were incubated with 
finely divided PAS4, in Experiment 19 9 the acid was dissolved in 4 ml of 5 per 
cent sodium bicarbonate 


EipenmentNo 

Organ 

Time 
of meu- 
batioo 

PASA 

Iron 

reac 

tlOD 

PASA recovered 

Ehrlich 

Free 

(a) 

Total 

(W 

Con 

jusated 

tb-a) 



sntn 

mt 

per cent 

per cent 

per cent 

per cent 

19 9 (rabbit) 

Stomach 

90 


97 

84 

98 

14 


Intestine 

210 

la 

103 

80 

98 

18 

20-10 (rabbit) 

Stomach 

90 

108 

96 

70 

92 

22 


Intestine 

210 

101 

97 

79 

96 

17 

21-11 (rat) 

Stomach 

90 

32 

94 

81 

91 

10 


Intestine 

210 

50 

92 

86 

94 

8 


contents were homogemzed with water m a Warmg blender PASA or 
its sodium salt w^as incubated with the emulsion for a defimte period, and 
the mixture was then treated wuth a sufficient quantity of 20 per cent TSA 
to make a final concentration of 4 per cent TSA and filtered The filtrate, 
centrifuged as necessary, was anatyzed by the iron and the Ehrhch reac- 
tions The results w ere also checked by estimatmg by the Ehrhch reaction 
the m-ammophenol formed after heatmg the filtrate for 1 hour on the 
steam bath All necessary" dilutions were made m 4 per cent TSA A 
control experiment w^as run m each case without PASA, which served as a 
blank m the estimations The results are summanzed m Table II 

One might hav’^e expected the decarboxylation of PASA, associated with 
the acidity available m the stomach and the activity of the mtestmal flora 
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However, the icsulis of the incubation of PASA with gastric and intestinal 
contents of the labbit and the lat definitely indicated that there vas no 
decaibo\ 3 dation in vitio, since essentiallj’’ all the mateiial oiiginally added 
was lecovered by the non icaction The only change detected vas a 
?mall amount of acetylation, 14 to 23 pci cent in the case of the rabbit and 
6 to 10 per cent with the rat This needs fuither in^ cstigation 

The eailiei expeiiments indicated conjugation vith acetic acid to give 
the N-acetyl deiivative However, PASA might be conjugated in the 
ammal body in moie than one w'ay, as theic aic three groups in the molecule 
wdiich might be used m such leactions Owing to the ease wuth which the 
compound is decarboxylated in the test-tube, it might ha\ e been expected 
that this reaction wmold take place in the animal body If this W'ere the 
case to any consideiable extent, the icsulting 7;i-aminophenol should be 
acetylated oi possibl 3 '’ conjugated with glucuionic acid oi sulfuiic acid (24) 
One might also obsenm the intioduction of a h 3 ’-drox 3 d group in the mole- 
cule of PASA in VIVO, either by direct oxidation of the compound and its 
acetyl deiivative or by a formation and learrangement of the hydroxy- 
ammo derivative,^ to form 2,5-dih3'^droxy-4-amino- or acetylammobenzoic 
acid These compounds might be conjugated wnth glucuronic oi sulfunc 
acid, particularly at the hydrox 3 d gioup m the 5 position 

Studies of uimaiy sulfui aftei feeding PASA indicated practically no 
increase in ethereal sulfate No uniformit 3 ’' is displayed in the excietion 
of extia glucuionic acid aftei the admmistiation of PASA Fiom experi- 
ence in this laboratoiy, w^e consider that, wuth labbits, any a alue foi extia 
glucuionic acid less than 70 mg either in the 6 hour oi IS hour peiiod is 
of little significance In onb’- two of ten expeiiments was the extra glu- 
cuionic acid in the G lioui peiiod, the peiiod of lapid excietion of PASA, 
greatei than 70 mg , values of 75 and 103 mg being obtained On this 
basis we are inclmed to believe that the amounts of extia glucuionic acid 
aftei the admmistiation of PASA oialb'- oi parenteially aie not indicative 
of any significant conjugation 

It may, therefore, be assumed that there is neithei consideiable decai- 
boxylation of PASA nor introduction of a new”^ lydiox 3 d gioup in vivo, and 
the amounts of free and combined dein'-atives in the mine as estimated b 3 
the Ehilich leaction lepresent piimaiily free and acetylated PASA 

The question of the conjugation of glycine wath the caiboxyl gioup of 
PASA may be discussed 2-Hydioxy-4-aminohippuuc acid gives a coloi 
with the non reagent similar to those -with PASA and acetyl PASA, how- 
ever, it is not decomposed completely to m-ammophenol undei the condi- 
tions used for hydiolysis, but still gives consideiable color wnth the non 

3 Williams (25) has discussed the possible formation of p-hj droxylammobenzene- 
sulfonamide in metabolism A number of hydroxy derivatives of the sulfonamides 
have been isolated and characterized in studies both tn vivo and in vitro (25-27) 
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reagent after such a procedure The expenmental urine did not give an}-^ 
color v ith the iron reagent after hydrolysis, indicatmg the absence of the 
glj cine conjugate This is m accordance with the behef that there is httle 
or no conjugation of glj'’cme 'mth ortho substituted benzoic acids with the 
exception of o-chlorobenzoic acid (7) It may be noted, hovever, that a 
considerable proportion of salicylic acid, an orthohj’^droxyl denvatne of 
benzoic acid, vhen fed to man, is reported to be excreted m conjugation 
inth glycine (11) 

The color obsened m the iron reaction vnth the experimental urme 
should be due to the presence of both the free and acetjdated PASA It 
may be pomted out that, smce the tv o compounds gl^ e different mtensities 
of color vith the iron reagent, the tv o Af x alues bemg 0 524 and 0 264 re- 
spectivelj’’ under our experimental conditions, the exmluation of the ob- 
seiv^ed optical actmtj’^ m terms of PASA alone might suggest considerable 
decarboxylation of the compound tn mio Therefore, the x alues foi PASA 
and acetjdated PASA obtamed bj-- the Ehrlich reaction with the expen- 
mental urmes hax e been used to calculate the expected mdividual optical 
densities m the iron reaction The difference between the observed optical 
density and the sum of the calculated optical densities of the tv o forms of 
PASA present might well be due to the presence of small amounts of other 
metabohtes 

The presence of Tn-ammophenol and its N-acetjd denx atix^e, v hich do 
not react vnth the iron reagent, would gix e negatix e x alues m such a cal- 
culation, vhde the presence of /S-resorcj’-hc acid, vhich reacts xnth the iron 
reagent, xx ould give positive values The difference (“unknown”) has been 
somevhat arbitranlj' expressed as PASA for the calculation of the net 
results of the iron reaction (Column 3) The x alues calculated m this 
manner are presented in Table III 

It maj' be noted that the amounts of unlmoxxTi metabohte thus calcu- 
lated as differences represent a relatixelj'- small proportion of the total 
PASA (free and acetj lated) excreted and that the x^alues are both positix e 
and negative The data fail to offer any significant exndence of decarboxj"- 
lation of PASA in the orgamsm of the rabbit This v ould be shown bj^ 
consistent negatix^e xmlues On the contrai^% the differences, thus calcu- 
lated for the 6 hour period, the penod m which maximal excretion of the 
PASA IS occurrmg, are onty shghtly positme m slx of the ten experiments 
recorded and none of the negatwe x alues represents anj large proportion 
of the total amount excreted 

The algebraic sum of the amounts m Columns 1, 2, and 3 represents the 
total amount of PASA or denxmtixes excreted, as mdicated bj the iron 
reaction The per cent of the total PASA admmistered xxhich is repre- 
sented by this x'alue is calculated m Column 4 This figure maj be com- 
pared vith the total PASA, excreted m the 6 hour penod as obtamed bj’ 
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the Ehilich leaction, whicli is shown in Column 5 The average total 
lecoveiies for the eight feeding expciiments ns calculated bj’’ the two 
methods aie 45 3 and 48 G pci cent icspectivcl}'’ The differences between 
these average values aie not significant 

We aie indebted to Mi Leonaid Doub of Paike, Davis and Company 
foi geneious gifts of yi-ammosahcjdic acid and some of its dcrivatues and 
loi the anatysis of the sodium salt of PASA, and to Di AC Bratton, Jr , 
foi suggestions relating to the coloiimetiic methods of analysis used in 

TAnar III 

Interpretation of Iron Reaetion in Terms of Excretions of PASA and 
Derivatives As Determined by Ehrlich Reaction 
The calculations are for the G hour period immcdiatclj after the administration 
of PASA The “unknown” metabolites (Column 3) arc e\prc83cd in terms of PASA 
Column 5 is included for comparison For explanation of the calculation, the text 
should be consulted The PASA administered can be obtained from the correspond- 
ing data of Table I 


Free 

(1) 

Acetyl 

(2) 
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(3) 

Stun of intake 

(4) 

Ehrlich reaction 
of intake 
(S) 

ms 

mg 

mg 

per cent 
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82 

165 

-42 

62 

63 

98 

136 

-27 

62 

69 

82 

228 

-34 

65 

61 

41 

98 

-f9 

41 

38 

29 

129 

-29 

39 

48 

112 

145 

+13 

47 

45 

113 

214 

+6 

42 

41 

88 

162 

+4 

34 

34 

268 

165 

+17 

78 

74 

361 

239 

+87 

91 

79 


this study In particular the interest and helpful criticism of Dr Bratton 
are gratefully acknowledged 


SUMMAEY 

1 An aqueous solution of p-ancunosaheyhe acid (PASA) undergoes a 
gradual decarboxylation at room temperature with the formation of m- 
ammophenol This is evidenced by the change m pH toward the alkalme 
side as well as by the decrease in the intensity of the reaction with ferric 
salts The sodium salt, however, forms a stable solution w^hen dissolved 
m water 

2 The metabohe fate of PASA m the rabbit has been studied PASA 
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IS rapidlj' excreted in the urine in the unchanged and acetylated fonns 
From 40 to 60 per cent of the amount adrmmstered orally could be ac- 
counted for in 24 hours as the acetyl den\ ative Both free and acetylated 
PASA have been isolated from the expenmental urines 

3 PASA IS absorbed almost completely from the gastromtestmal tract 
and there is no indication of decarboxylation in vitro m the presence of 
gastnc or intestmal contents No clear-cut e%udence of any appreciable 
decarboxylation in vivo has been obtamed 

4 Data obtamed for ex-tra glucuronic acid do not suggest any significant 
conjugation as a glucuromde, uhile the possibihty of conjugation with 
gljmine appears remote No mcrease in ethereal sulfate formation is indi- 
cated 

5 The chief mechamsm of detoxication of PASA in the rabbit appears 
to be through acetylation 
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PASSAGE OF SELENroM THROUGH THE MAMMARY GLANDS 
OF THE WHITE RAT AND THE DISTRIBUTION OF SELE- 
NIUM IN THE MILK PROTEINS AFTER SUBCUTANE- 
OUS INJECTION OF SODIUM SELENATE 
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One of the path^tays by which selenium may be ehmmated from the am- 
mal body othei than through the kidney, gastromtestinal tract, and lung is 
through the mammarj’’ glands mto the milk of lactatmg ani m als This has 
been shonm by several mvestigators to take place m certam domestic am- 
mals Dudley (1) found 0 02 to 3 00 parts per roilhon of selemum m the 
milk of selenized cows Smith el al (2) reported m an extensive survey that 
milk from cows grazmg m selemferous areas contains 16 to 127 7 of selemum 
per 100 cc Mo\on (3) obsen^ed that selemum was earned m the milk of 
selemzed animals to such an extent that nursmg calves often showed aU the 
promment symptoms of “alkah” disease 
Organoselemum as obtained from selemferous grams (Franke and Potter 
(4) ) and morganic selemum, when admimstered to experimental animals, 
have been shown to pass mto the proteins of liver^ (Westfall and Smith (5) ), 
muscle,' the plasma fractions' (Westfall and Smith (5)), and hemoglobm ' 
In view of the fact that there is a certam fixation of selemum m tissue pro- 
tems, the question may be raised whether selenium of the milk exists m the 
milk proteins and, if so, m what protem fractions In order to obtam infor- 
mation about the nature of selemum m the milk of selemum-mjected 
uhite rats, lanous experiments weie earned out 
The expenments reported here i\ere carried out uith the radioactive 
isotope of selemum With the use of radioselemiun uhich has the advan- 
tages of a half life of 50 da 3 "s with a specific T-mj' emission of 0 05 and 0 21 
mev , microdetermmations of selemum veie made with far greater accu- 
racy than are possible by anj”^ know n chemical analytical procedure The 
extieme sensitivity of the method made possible quantitative detections of 
traces of selemum 


EXPERIMENTAi 

It was first established, as it has been m domestic animals, that selemum 
passes through the mammarj" glands of the white rat This was accom- 

* Present address, Medical Department Field Research Laboratory, Fort Knox, 
Kentucky 

’ Unpublished data of the author 
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SnU^NIUM IN MIUC PnOTLINS 


plished in the following niannci Five lactatmg rats, having three to six 
pups, 2 to 3 days old, Veic injected either with single or multiple, subcu- 
taneous subtoMc amounts of sodium selenate containing radioselcnium 
24 houis aflei the last paicntal injection, the pups were saciificed by decap- 
itation and wet ashed sopaiately, radioactivity of the ash was determined 
on a dipping Goigci -Muller counter of a scale-of-four 

Studies on the distiibution of selenium m the milk necessitated the frac- 
tionation of the vaiious milk pioteins The milk for these distribution 
studies was collected as follows Two laclating white lats having si\ and 
nine pups respectively, 10 to 14 days of age, were injected with sodium 
selenate containing radioselcnium The pups were separated from their 
mothers for 12 to 18 houis, aftci which they were returaed and allowed to 
suckle foi 1 to 3 houi-s The pups were then sacrificed, the stomachs 
excised, and the stomach contents, which consisted of milk curd, removed 
The miUc of the two litters was pooled separately and the milk samples were 
agitated with a small amount of benzoic acid to break up the curd (Mayer 
( 6 )) 

Total proteins of the miUc obtained from Littei 1 were precipitated ivuth 
trichloroacetic acid The milk fiom Litlei 2 was divided mto three ali- 
quots and three protein fi actions were obtained witli the method of i^foir 
(7) (a) Casein was obtained by isoelectric piccipitation at pH 4 C, (b) 
casein and globulin fiactionation was obtained by saturating the milk solu- 
tion with magnesium sulfate at 20°, and (c) total 'protein was precipitated 
by heatmg with 4 pei cent tnchloioacetic acid 

On each of the above piotein fractionations ladioactive determmations 
weie made on the filtiate and precipitate All the piecipitates were washed 
twice 

The globulm content of the miUc was obtained bj’- subtracting the casern 
fi action fiom the casein plus globulm fraction Albumin was determmed 
by the analysis of the filtrate fiom the casein plus globulm precipitation 
In this mannei it ivas possible to estimate the distiibution of selenium m 
total proteins, albumin, globulm, and casein fi actions 

KESTILTS AND DISCUSSION 

The lesults from these two series of experiments will be consideied under 
sepal ate headings, i c , evidence that selenium passes through the mammary 
glands of the white rat, and distribution of selenium m the various millc 
pioteins 

Presence of Selenium in Milk of While Rat — ^The results for this section 
aie shown m Table I, wheie the concentiation of ladioactive selenium in 
the pups IS expressed both as pei cent dose pei pup and pei cent dose pei 
littei Upon inspection of Table I it will be noted that aftei both single 
and multiple subcutaneous injections of sodium selenate 0 33 to 2 3 per 
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cent of the dose per pup or 2 0 to 9 3 per cent of dose per htter was trans- 
ferred through the milk of the lactating mother to the sucldmg young It 
must be borne m mmd that the actual amount of selemum transferred 
through the mammary glands of the mother to the young durmg the experi- 
mental penod outhned here is not tnilj^ represented m the \ alues expressed 
as per cent dose per htter These values represent a fraction of the actual 
amount of selemum secreted, the exact amount transferred through the 
glands IS undoubtedlj’’ greater because part of the selemum received by the 
young via milk is excreted through the kidney, gastromtestmal tract, and 
lungs The values expressed as per cent of the dose per htter are repre- 
sentative of the amount of selemum m the htters 24 hours after the last 
parental mjection These data, however, are sufficient to show that sele- 
mum, when administered to lactatmg mothers as an morgamc salt, is trans- 
ferred through the m amm ary glands of the white rat and that at least 2 5 


Table I 

Passage of Selemum (Radio) through Mammary Glands of White Rat after Subcu- 
taneous Injection of Sodium Selenate (Ha^eOi) 


Ezpen 

ment 

1 Ivo of par 
ental injec 

1 

Total seleo 
turn lojecUd 

Total count No of pups 

Per cent dose adraimstercd per 
pup 

Per cent dose 
administered 
per litter 

Uoos 



A\ erage 

Kaoge 

A 

4 

mt 

1 12 

per mtn 

324 

4 

2 30 

18-34 

9 3 

B 

3 


544 

1 ^ 


14-20 1 

5 0 

C 

3 

mm 

3960 

! 6 

1 0 42 ' 

' 0 36-U 50 

2 5 

D 

1 

0 58 1 

1555 

1 6 

1 1 61 

i 0 36-0 71 1 

3 7 

E 

1 

0 58 

1 1555 

1 « 


1 0 20-0 43 1 

1 



to 9 3 per cent of the dose is present m the suckhng young 24 hours after 
the last parental injection 

The list of animals that may secrete selemum through the mammarj 
glands IS, therefore, extended to mclude the white rat 

The mammary gland of one lactatmg animal v as found to contain 0 058 
per cent of the dose per gm of tissue 24 hours aftei the last injection This 
value corresponds to about the value found for pei cent of the dose per gm 
of pup and about a fourth the value for hver (0 208) m the same time 
mterval 

Distnbution of Selenium, in Various MilL Proteins — The results obtained 
for this section are given m Table II Perhaps the most outstanding findmg 
here is that 91 per cent of the selemum present m the milk obtamed from 
Rat 1 -was m the protem fraction, while m Rat 2 all the selenium v as present 
m protem fractions 

Of importance here is the fact that inorganic selenium is converted to 
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some organosclemim pwtan complex This conversion of morgamc sele- 
nium to oiganofaclemvmi has been shown to occur m othci tissue proteins, 
i e , the livei, muscle, hemoglobin, and plasma fi actions The lalue and 
significance of these findings in lelationship to the metabolism of selenium 
and the closely related sistei substance, sulfur, cannot be stated but must 
await fuithei elucidation and expeiimentation Sm 3 dlio and Ilalliday (8) 
were able to demonstrate in in vilio studies that inorganic sulfur (ladio- 
sulfui) as sodium sulfide ma}' be conveited in the presence of a suitable 
hvei enzyme to cj'^steine sulfur Tins established i\ itliout a doubt that inor- 
ganic sulfui was conveited to organic sulfui Recently, Dziew latkon ski 
(9) lias demonstiated that sulfide sulfur containing radioactive sulfur (S^^) 


Table II 

Presence of Selenium (^Radto) in Rat Mill Proteins after Subcutaneous Injections of 

Sodium Selcnatc (NatScOt) 



Rat I 

Rat 2 

Volume of milk, cc 

0 5 

2 0 

Counts per cc 

26 0 

40 1 

Dose per cc , % 

0 515 

0 913 

Counts in protein fraction 

11 3 

64 8 

“ “ non-protein fraction 

1 0 

0 0 

Counts recovered, % 

“ in casern, % 

0-1 5 

72 0 

53 8 (Corrected) 

“ “ albumin and globulin, % 

“ “ casein " “ % 

“ “ albumin, % 

“ " globulin, % 


46 4 


GO 8 

39 5 

6 9 


Rats 1 and 2 were injected n ith5050 counts of radioselcnuini as sodium solenate 


was utilized by the intact lat foi the synthesis of ci^stine The ladioactive 
sulfur fiom sulfide was found to be present in the cystine isolated from 
hair, liver, skeletal muscle, and skin 

It may be that a similai mechamsm ma}' take place in the e\pei intents 
desenbed heie in the commision of inorganic selenium to oiganoselenmm 
The piotein fractionation experiments earned out on the milk obtained 
from Rat 2 show that approximately 54 pei cent of the selenium piesent in 
the milk is in the casein fraction, while smaller amounts, nameb'- 40 and 
7 per cent, aie m the albumin and globulin fractions, lespectnmly It is 
of interest heie to point out that the piesence of selenium in milk protein 
IS not confined to any one particular piotem fi action but may be detected 
in all the fractions, as was observed in the plasma expeiiments ^ The 
distribution of selemum m the vanous piotem fractions of milk js moie or 
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less proportional to the size of the fraction Casein, iihich is the largest 
protein fraction of milk (Co\ and Mueller (10)) concentrates the most 
selemum, while lesser amounts of selenium are present m the smaller milk 
protein fractions, albumin and globulm 

smniART 

It has been demonstrated that after subtoxic subcutaneous mjections of 
selenium (radioactii e) as sodium selenate, selemum passes through the 
mammary gland into the milk of the white rat Furthei, it has been found 
tliat admimstered morgamc selemum was converted mto organoselemum 
m the protem fraction of milk because approximately 54 per cent of the 
selenium present m the milk was m the casern fraction, while smaller 
amounts, namelj 40 and 7 per cent, w ere in the albumm and globulm frac- 
tions, respectively 
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THE METABOLIC INTERRELATIONSHIP BET\\^EN 
TRYPTOPHAN, PYRIDOXINE, AND NICOTINIC 
ACID, FORCED FEEDING STUDIES IN RATS* 

By harry SPECTOR 

(From the Diviston of Animal N^utnlton, University of Illinois, Urbana) 

Plate 1 

(lieceived for publication, November 17, 1947) 

The addition of corn products to a S 3 Tithetic low protein diet ver}’- low 
in nicotinic acid has been reported by ICrelil and cow orkers (1, 2) to depress 
growth in rats This growth retardation could be prevented by trjTDto- 
phan as well as bj'^ mcotmic acid These findings hai e been confirmed in 
this laboratorj’’ by the paired feeding techmque (3) and by other investi- 
gators (4, 5) The mterchangeability of mcotmic acid and tryptophan is 
not peculiar to corn-supplemented rations, since a similar relationship has 
been demonstrated with non-com rations which are low in both tiyptophan 
and mcotmic acid (6, 7) The Wisconsin group has mdicated that intestmal 
microorgamsms may play a significant part m the deficiency s 3 Tadrome, 
smce the growiih-depressmg effect of com can be greatl}’- modified by the 
use of carbohydrates previousli' shown to favor intestmal s 3 Tithesis (7) 

An mcreased excretion of mcotmic acid and its dematnes has been 
shown to result from the admimstration of ti- 3 Titophan (4, 5, 8, 9), which 
has been mterpreted to indicate that tryptophan ma 3 ’’ function as a meta- 
bohc precursor of mcotmic acid The studies which have been reported 
on the mcreased excretion of mcotimc acid following ti 3 ptophan feedmg 
have been made with adult rats on basal diets w hich contamed tr 3 ptophan 
It w as thought desirable to compare the excretion of mcotimc acid of grow- 
mg rats on an acid-h 3 ’-drol 3 "zed casein diet contammg a mmimum of ti^p- 
tophan (0 24 mg per gm of diet) with that obtained with an adequate 
amount of tryptophan (20 mg per rat per da 3 ’-) and to determine whethei 
there is any relationship between the excretion of mcotmic acid and the 
gam m weight 

It has been shown that m pyiidoxme-deficient rats ti^ptophan is not 
normally metabohzed, resulting m the excretion of xanthurenic acid m 
the urme (10-13) It was of mterest, therefore, to stud 3 the effect of a 
P3Tidoxme deficienc 3 '^ on the excretion of mcotmic acid and its meth 3 dated 

*This material was presented at the 112th meeting of the American Chemical 
Society at New York, September, 1947 
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INTERRELATION OE VITAMIN SUPPLEMENTS 


deiivative, N'-mcihylnicotinnmule, nssopintcd wdh tlio feeding of trj’^p- 
tophan ' 

In the investigation lepoitcd heic, the metabolic intciielationship bc- 
tneen tiyptophan, pviidoMiie, and nicotinic acid was studied vith an 
acid-hycholyzed casein diet deficient in tiTptophnn ns veil <is pyiidoMne 
and nicotinic acid 


EXPI.RIMENTAL 

Basal Ration — The composition of the liasnl ration is shown in Table I 
“Vitamin-fiee” casein (Labco) was cxtiacted thiee times wnth liot 95 pei 
cent ethanol and then completclj’- h 3 ’’dioIyzcd- with sulfuiic acid by the 
method of Beig and Rose (IG) The h 3 '-diol 3 '’sate was fust put thiough a 
spray diiei’’ which i educed the moistuic content to about 5 per cent, and 
then w'as completelj’’ diied in a \acuum oven at about 70° 2 per cent of 

unhydiolyzed “vitamin-liee” casein was added to suppb" strepogenm (17), 
wdiich IS destioyed b^’- acid hjaliolysis All the Mlamins, with the excep- 
tion of nicotinic acid and pyiidoxine, were pio\ idcd in excess of the lequire- 
ment The x'^ei}'^ small amounts of ti^'ptophan and nicotinic acid supplied 
by the basal lation aie shown m Table I The amount of pjTidoxine 
piesent in the basal lation was less than could be mensuied accuratel} 

Feeding Pwcedwe — Originally, weanling lats (Sprague-Dawlej’' strain) 
w^eie fed variable amounts of ground Puiina dog checkeis until the weight 
of each animal w'as w itliin 2 gm of 60 gm They w eie then separated into 
ten groups of six each, w ith unifoim distribution as to sex and litter Thus, 
eight groups provided all possible combinations of the three supplements 
tiyptophan, nicotinic acid, and pjuidoxine In addition, theie weie two 
gioups receiving 2 pei cent succinylsuifathiazole, tij^ptophaii, and pjui- 
doxine, one group wuthout and the other wuth nicotinic acid 

All the animals, regaidless of the supplement, ate onlj^ 3 to 5 gm of the 
diet and consequently lost weight The addition of large amounts of 
thiamine and of sodium glutamate did not increase the food consumption 
After 2 wrecks a regimen of forced feeding was started Most of the rats 
receiving no tiyptophan died the 1st dai"- of forced feeding, and the le- 
mainder died within a couple of days The animals leceiving tij'-ptophaii 
survived 1 w^eek ot foiced feedmg, but they were so emaciated from the 

1 After this study w'as started tw'o laboratories published results of experiments on 
the effect of vitamin Be deficiency on the conversion of tijptophan to nicotinic acid 
and Ni-methylmcotinamide (14, 15) Again, how^ever, the basal rations contained an 
adequate amount of tryptophan for growth 

2 Grateful acknowledgment is made to Dr M Womack for aid in the preparation of 
the acid-hydrolyzed casein, and to Dr W C Rose for the use of equipment in the 
Department of Chemistry 

’ This was done in the Division of Dairy Manufactures by Mr V L Swearingen 



H SPECTOB 


661 


first 2 \seeks of poor food consumption that it 'oas deemed ad\usable to 
start an entire senes of neii ammals 
The weights of 60 j oung rats^ \\ere adjusted to uithm 2 gm of 80 gm 
b}’’ feedmg variable amounts of ground Punna dog checkers The rats 
were then separated into ten groups of six each as m the first experiment 


Table I 

Composilton of Basal Ration 


1 

Acid hjdrolyzed casein (Labco, extracted 3 times with 95% 

Ptr cent 

ethanol) 

20 0 

Labco casein 

2 0 

Salts 446 (nimoia)* 

5 0 

Corn oil 

3 0 

DL-Methionine 

0 6 

Sucrose 

2 % sulfasuxidine added at expense of sucrose 

69 4 

i 


Level of incorporated vitamins 



mg per 100 gm 

Thiamine 

0 25 

Riboflavin 

0 50 

Calcium pantothenate 

2 0 

Choline chloride 

100 0 

Inositol 

10 0 

P Aminobenzoic acid 

50 0 

Biotin 

0 01 

Folic acid 

0 025 

2 -Methylnaphthoquinone 

Halibut liver oil (diluted 1 2 with corn oil) at level of 2 drops 
perwk ,witha:-tocopherol included at 0 5 mg per drop 

0 1 


Basal ration supplied per gm 


Trj ptophan 

0 24 mg 

Nicotinic acid 

0 042 v 


* The composition of Salts 446, in gm , is as follows NaCl 243 19S, ILiCcHsO H2O 
533 0, K HPO4 174 0, CaHPO^ 2H,0 800 0, CaCO, 368 0, MgCOj 92 0, FeCsILOz 3H O 
36 0, CuSO, 5HjO 0 4, MnSOi 2 8, K-Al (SOdi 24H 0 0 2, KI 0 1, CoCl 6H 0 0 2, 
ZnCOj 0 1, NaF 0 002, total 2250 0 

The basal ration was well mixed with an equal amount of distilled water 
The desired amount of this slurry was taken up mto a graduated 10 cc 
hypodermic sj'^nnge to which was attached an ordinaix hj^iodermic needle, 
the tip of which v as blunted nuth a file and coated with a protects e knob 

* Obtained from the Department of Chemistrj 
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of soldei (18) Aftei safely jnsciLing this needle into the rat’s stomach, 
the measuied amount of diet nas gently injected As a check on the 
actual amount fed, the lats ncic weighed immediately before and after 
feeding The lats weic fed thiee times dailj’-, at about 5 hour intervals, 
with the supplement included in the fiist feeding The amount of basal 
lation, supplement, and the aveiagc weekly gain in weight of each group 
aie showm m Table IT 


Tabia^ II 

Average WceMyGain in 11 eight tn Gm [with Standard Errors) 


W'k 

Trj ptophnn 

No tr>ptoplnn 

2 per cent 
suliasuiidine 

Nicotinic ftcid 

No nicotinic 
ncid 

Nicotinic ncid 

No nicotinic 
ncid 

Tr>ptophan 
+ p>n doxine 

Pyri 

doxinc 

No 

P3ri 

doxine 

Pjri 

doxine 

No 

rxVnc 

Pjri 

doxinc 

17 

Pjri 

doxinc 

No 

PJri 

doxine 

No me 
otinic 
ncid 

Aic 

otinic 

ncid 

1st 

11 S 


9 9 

10 1 

10 7 

8 6 

n 

9 6 

14 1 

*15 9 


il 4 

±1 3 


±1 2 

o 

-H 

±0 4 


±2 2 


±1 0 

2nd 

15 4 

15 7 

13 9 

15 4 





16 5 

15 9 


drl 7 

del 0 

±1 2 

±1 5 





±1 9 

±1 3 

3rd 

16 S 

16 3 

17 2 

17 8 





17 7 

IS 7 


±1 1 

±2 1 







±2 1 

±1 2 

Total 

43 5 

43 3 

41 2 

43 6 





48 1 

B 


±3 7 

±4 2 

±2 9 

±3 1 





±3 4 

m 


Amount of ration gi\ en 

Daily supplement 

Probability of chance 
outcome 

vik 

sm 


m 


1st, 2nd 

7 5 

L-Tryptophan 

20 0 

*<0 001 

3rd 

9 75 

Nicotinic acid 

0 2 

to 0077 

i 


Pyridoxine 

0 2 



Gam in Weight — Statistical exanaination® of the data by the method of 
analysis of variance (19) indicated no significant effect of any of the sup" 
plements upon gam m weight Howevei, porphyiin-caked w^hiskeis and 
acrodynia of the mouth, paw^s, and tail wmre evident in the pyiidoxine' 
deficient rats on the 13th day and all of the tryptophan-deficient rats were 
dead by this time 

The presence of 2 per cent succmylsulfathiazole in the diet resulted m a 

' Grateful acknowledgment is made to Dr K M Bla\ter, Commonwealth Fellow 
on leave of absence from the Ministry of Agriculture and Fisheries, Great Britain, for 
advice and instruction in the statistical treatment of the data 
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sigmficantlj greater gain m bodj’- eight during the 1st Meek, but not in 
subsequent Meeks Thus, there Mas a greater slope (Te\t-fig 1) for the 
groMTth cun'e of the siiccinylsulfathiazole-fed rats during the 1st M'eek, but 



2 4 6 8 10 12 14 

DAYS 


Text-Fig 1 

thereafter the slope m as about the same as for the other groups Eh ehjem 
and his group at Wisconsm (20) have obsen ed a similar beneficial effect of 
sulfasuxidme on the m eight of chicks Mhen fohc acid Mas mcluded in the 
diet 
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Tiypotophan Deficiency — Tlic tiyptophnn-deficicnt animals assumed a 
hunch-backed position and wcic unthiifiy loolcing, vith the mouth, pavs, 


Table III — Average Urinary 

The results are c\presscd ns microgrnms per rat per claj 



Tryptophan 

Nicotinic acid 

No nicolmiciai 

P>ridoxinc 

No p> ridoxinc 

Pindoxine 

Kjp 

1st wk 

Tryptophan 

152 0 ± 38 2 

126 G dr 50 3 

244 6 d: 36 1 

159 S 


Excretion, % 

0 70 

0 68 

1 12 

05 


Nicotinic acid 

23 0 ± 18 

20 8 zfc 14 

14 4 d: 0 2 

13 5 


Conversion or recovery, 

4 30 

3 05 

0 066 

OC 


% 






NEMethylnicotinamido 

139 6 ± 18 9 

76 5 ± 17 8 

29 1 dr 0 G 

2oL 


Conversion or recovery. 

65 20 

26 75 

0 133 

01 


% 






Xanthurenic acid 

0 

220 0 dr 111 4 

0 

0 


Conversion, % 

0 

1 01 

0 

0 

2nd wk 

Tryptophan 

103 8 ± 28 6 

158 8 dr 43 2 

189 4 dr 46 6 

1 120 4 


Excretion, % 

0 73 

0 71 

0 85 

05 


Nicotinic acid 

24 8 ± 3 4 

22 9 rfc 11 

14 9 dr 0 4 

14 7 


Conversion or recovery, 

4 96 

4 10 

0 067 

OO 


% 






N'-Methylnicotinamide 

140 2 ± 19 1 

64 7 dr 11 3 

27 2 dr 13 

313 


Conversion or recovery, 

56 5 

16 7 

0 122 

01 


% 






Xanthurenic acid 

0 

420 0 dr 177 2 

0 

216 0 


Conversion, % 

0 

1 88 

0 

OE 

3rd wk * 

Tryptophan 

2760 0 ± 823 8 

434 5 dr 34 5 

1285 6 rfc 277 8 

2090 ( 


Excretion, % 

2 70 

0 42 

1 26 

2( 


Nicotimc acid 

39 4 ± 5 4 

26 7 dr 5 4 

22 4 rfc 0 6 

19! 


Conversion or recovery. 

8 50 

3 40 

0 022 

0( 


% 


1 




NEMethylnicotinami de 

525 6 ± 78 4 

443 5 dr 125 5 

129 6 rfc 14 6 

781 


Conversion or recovery. 

198 00 

182 35 

0 127 

01 


% 






Xanthurenic acid 

0 

6083 5 dr 1416 6 

0 

2833 


Conversion, % 

0 

5 95 

0 

2 


* Urine was collected for 24 hours following a dose of 100 mg of L-tryptophan 


and abdominal area denuded They progressively manifested the follov - 
mg symptoms bloat, diairhea, convulsions ivitli screeching, and finally 
death After forced feeding all tiyptophan-deficient animals displayed the 
following peculiar behavior (1) pawing the face as though tiymg to with- 
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draw the food, (2) craA^hng around the edge of the cage with the side of 
the face resting on the floor of the cage, (3) rearing up on the hind legs 

• el:on (inth Standard Errors) 



No tryptophan 

2 per cent solfasimdine 


Nicotinic and 

No nicotinic and 

Tryptophan + pnidonne 

jonse 

Pjndonnc 

No 

p>ndoxine 

Pj ridoxine 

No 

p>ndoxine 

No nicotinic aad 

Nicotinic aad 

c 31 1 

39 4 ± 22 1 

18 5 ± 9 5 

22 0 ± 2 1 

33 6 ± 9 5 

187 6 ± 48 9 

140 0 ± 29 5 


2 19 

1 03 

1 22 

1 86 

0 86 

0 64 

h 0 9 

13 8 ± 3 2 

10 6 ± 0 1 


7 8 db 1 2 

13 8 ± 12 

16 2 ± 0 7 

t 

3 30 

1 40 



0 063 

1 20 

h 5 2 

43 0 ± 26 6 

28 0 ± 8 0 

22 0 ± 3 1 

16 8 ± 1 8 

26 2 i 2 6 

121 2 ± 13 8 

1 

10 50 

6 60 

1 222 


0 120 

47 50 


0 

0 

0 

0 

0 

0 


0 

0 

0 


0 

0 

t 36 3 





136 2 ± 15 9 

125 2 db 12 0 






0 61 


t 0 4 







) 





0 074 


i: 6 5 





32 0 ± 2 4 
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and pawing frantically mth the front paws, (4) after 5 to 10 minutes the}'' 
n ould go to sleep, wath a tendency to sleep on the side 
The extent of bloat may be seen m the group recemng pyndoxme, which 
showed an average gam of 11 gm per rat from the 8th to the 9th daj’’ The 
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first fatality occuiied on the 6th clay, and on the 7th day thcie was at least 
one dead in all foui gioups icceiving no tiyptophan All the animals from 
the two gioups leceiving eithci nicotinic acid oi pyiidoxinc ueic dead on 
the 10th daj’’ The animal which lived the longest, 13 days, was fiom the 
gioup receiving the basal lation w-ithout any supplement 

In a supplemental experiment to determine whether tiyptophan could 
cuie as w^ell as prevent the syndrome, twelve young lats (weighing 75 to 
88 gm ) weie foicibly fed the tiyptoplian-deficient basal ration plus nicotinic 
acid and pjuidoxine One animal died on the 2nd day and five more had 
died by the morning of the 3rd day The animals had an unkempt ap- 
pearance, bloat, diarrhea, and fits A supplement of 40 mg of tri^ptophan 
was then given to the lemammg animals one died the same day, but in 
the others the daily supplement of tr^^ptophan eliminated the deficiency 
symptoms 

On postmortem ex-ammation the stomach and intestines of the trypto- 
phan-deficient animals w'ere found to be greatly distended and filled wnth 
liquid and gas The liver w'as light colored One rat from the group re- 
ceiving nicotinic acid and pyiidoxme was saciificcd foi histological study 
on the 10th day of experiment ® 

The cells (Fig 1) show fatty degeneration m the cytoplasm Tliey are 
swollen, rounded, and highly vacuolated, resulting m a tenuous cytoplasm 
lesemblmg chicken-coop wire Another interesting feature is the appear- 
ance of the nuclei, which contain large masses of chromatin and have an 
enlarged nucleolus 

Excretion Studies, Methods — Individual urmary collections w^ere made 
for 24 hours in metabolism cages during the 2nd and 3rd w eeks and after 
an oral dose of 100 mg of L-tryptophan during the 4th w eek To neutralize 
a possible effect of time, urine was collected from an equal number of rats 
from each group on any particular day The bladdei wms emptied at the 
begmnmg and end of the collection period by applying pressuie The 
urine was analyzed for apparent fiee tryptophan (21) and for nicotinic acid 
(22), with Lactobacillus arabinosus as the test organism The N^-methyl- 
nicotmamide was determined by the acetone-fluoi ometric method of Huff 
and Perlzweig (23), and xanthurenic acid® bj'' the coloiimetiic method of 
Rosen et al (14) ® 

® Grateful acknowledgment is made to Dr A V Nalbandov, Dr F B Adamstone, 
and Dr C C Morrill for the preparation and interpretation of the liver sections 

’ A more complete study of the histologic changes in tryptophan deficiency pro- 
duced by forced feeding is planned 

® The \anthurenic acid was kindly furnished by Dr J W Huff of Sharp and 
Dohme, Inc 

® I wish to thank Lucille D van Ghyl, Barbara Chase, and Shirley Spaeth for 
assistance in some of these determinations 
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ResuUs — ^Average urman' excretions, expressed as micrograms per rat 
per daj, are Eho\ra m Table III The xalues gl^en aie the group means 
mth their standard errors The amount of mcotimc acid excreted when 
no nicotmic acid w as added m as calculated m terms of a percentage con- 
\ersion from trxptophan on a eight basis This amount i\as then sub- 
tracted from the nicotmic acid excretion for the correspondmg group re- 
cei\ ing nicotmic acid, and the per cent recoverj of added nicotmic acid i\as 
calculated The same calculations u ere made for X*-methylnicotinamide 
In Table the effect of each supplement, both in the presence and absence 
of the other supplements, is computed, and the difference is expressed as a 
percentage of the amount excreted when the particular supplement was 
not gi\en The mean differences were analj'zed statisticallj*^ bj the t test 
(19) 

Effect of Tryptophan — It is mteresting that the addition of trjTitophan 
resulted in the greatest increase in ti^Titophan excretion when nicotmic 
acid w as not added Although the general result of addmg mcotimc acid 
was a lesser excretion of ti^Titophan, the differences are not statistical!} 
sigmficant, and there are e\ en some cases of an mcreased excretion 
The addition of 20 mg of L-trj'-ptophan increased the excretion of 
nicotmic acid from 78 to 86 per cent, regardless of the presence or absence 
of nicotmic acid or pyridoxme The mcrease in N‘-methylmcotmamide 
due to the addition of tr}'ptophan w as considerably greater w hen nicotmic 
acid was present (204 per cent) than when it was lackmg (39 per cent) 
Effect of Pyndoxine — There was no significant effect of pyridoxme on 
tryptophan excretion m the absence of added tr}ptophan and at the 20 
mg level, although the trend was toward a higher excretion When 100 
mg of L-ti^-ptophan were fed, however, pyndoxme greatly mcreased the 
excretion of ti^'ptophan m the presence of nicotmic acid, but v\hen nico- 
tmic acid w as lacking, p} ndoxine decreased the excretion of tryptophan 
The latter v\ as not statistically significant (P = 0 202) 

Pyndoxme had no significant effect either on the percentage conv ersion 
of tiyptophan to mcotimc acid or of tryptophan to N'-methylnicotinamide 
However, it is significant that there was a greater excretion of added 
nicotmic acid in the form of N‘-meth} Imcotmamide when pyndoxme was 
present lATien 100 mg of L-tr}''ptophan w ere giv en, how evmr, this differ- 
ence was not statistically significant (P = 0 300), probably because of the 
V anability in excretion of N*-meth} Inicotinamide that w as obtained 
Effect of N-icotimc Acid — It is of great significance that when 100 mg of 
L-tr}"ptophan were fed, 181 to 198 per cent of added nicotmic acid was re- 
covered as N‘-meth} Inicotinamide, even after the amount sviithesized and 
excreted m the absence of mcotimc acid was subtracted The=e figures 
indicate that in the presence of mcotimc acid there was actually a greatei 
conversion of tryptophan to X*-methylmcotinamide than when mcotimc 
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fvcicl w as lacking The incioasc in N’-inetlij'Inicotinamide due to tlio addi- 
tion of nicotinic acid vas gieatcst in the inescncc of tiyptoplian and least 
in the absence of tiyptoiihan At the 20 mg level of tryptophan this 
inciease vas also gieatei in the piesencc of pyudoxine than in its absence, 
but this vas not so at Ihe 100 mg lc\cl of n-tiyptophan 


Tauci- IV— Isolation i 
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* /> = probabilitj of chance outcome 

f Urine \\as collected foi 24 hours following a dose of 100 mg of n-tryptophan 


The picsence of nicotinic acid also lesulted m a greater conveision of 
tr 3 rptophan to \anthuienic acid in pyiido\ine dehciencj'-, and during the 
2nd veek theie vas no detectable excietion of \anthuienic acid in the 
group tthich did not receive nicotinic acid During the 3id week both 
groups converted more tr 3 ’’ptophan to xanthurenic acid, but there was 
almost luicc as much xanthuicnic acid oxcieted, as veil as a greater 
amount of tryptophan, Iry the group lecening nicotinic acid 
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Effect of Succinylmlfalhtazole — Succin3dsuIfath]azole had no significant 
effect on the excretion of trj ptophan It had a variable effect, which is 
not statistically significant, on the percentage conversion of ti^’^ptophan to 
nicotinic acid, but the recovery of added nicotinic acid v as 29 6 and 35 5 
per cent less, and during the 3rd u eek there was a staking failure to re- 


It on Urinary Excretion 
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cover any nicotinic acid as such When 100 mg of n-tryptophan were 
fed, succin3dsulfath]azole surprisingly gave a greater conversion of trypto- 
phan to nicotimc acid and also a greater recovery of added nicotinic acid, 
although the latter is not statistically significant (P = 0 069) Succinylsul- 
fathiazole had no depressing effect, either on the conversion of ti^’^ptophan 
to N'-methylnicotinamide or the recover3’^ of added nicotinic acid in the 
form of N'-methylnicotinamide, m fact, when 100 mg of L-tiyptophan 
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were fed, the excretion values were higher, but the diffeiences weie not 
statistically significant 

Effect of Time — The only fundamental differences in the urinary excie- 
tion between the 2nd and 3rd weeks, i e the effect of time, aie an increase 
in the foimation of xanthurenic acid and an increase in the conversion of 
tryptophan to mcotmic acid in the presence of succinylsulfathiazole, which 
IS on the border line of statistical significance (P = 0 059) 

Comparison of Tryptophan Levels — ^It is woith while to compare the 
results obtained with an adequate amount of tr 3 ’'ptophan (20 mg ) with 
those of an excess of tryptophan (100 mg ) At the higher level of trypto- 
phan there was a greater percentage of tiyptophan excreted except in the 
pyridoxme-deficient group receiving nicotinic acid, m which there was a 
very large per cent of tiyptophan excreted as xanthuienic acid, and, as at 
the lower level, this xanthurenic acid excretion was gi eater than the com- 
bined excretion of tryptophan and xanthurenic acid when nicotinic acid 
was not added In both pyridoxme-deficient groups there uas a greater 
per cent of tryptophan conveited to xanthuienic acid at the 100 mg le\ el 
than at the 20 mg level 

As the amount of tryptophan was increased from 1 8 to 20 mg and 100 
mg , there was an increase m the actual amount of nicotinic acid excreted, 
but the percentage conversion was progressively less The same was true 
for N^-methylnicotinamide with the exception that when pyndoxme was 
present the per cent conversion of tryptophan to N^-methylnicotinamide 
was the same at both levels of added tryptophan The lecovery of added 
nicotinic acid in the foim of N^-methylnicotinamide ranged from only 16 7 
to 56 5 per cent at the 20 mg level of tryptophan, while at tlie 100 mg level 
of tryptophan the recovery was in considerable excess of the amount 
added, ivith the range 181 0 to 198 0 per cent 

DISCUSSION 

The appaient interchangeability of nicotinic acid and tiyptophan m 
promoting growth has been demonstrated (1-7) only with diets containing 
marginal amounts of tryptophan Howevei , the present study shows that, 
while tryptophan can entirely replace nicotinic acid, nicotinic acid cannot 
replace tryptophan, which is one of the ten ammo acids essential foi the 
growth and maintenance of rats Thus, in the absence of added tryptophan 
(only 1 8 mg per day) nicotinic acid had no effect on the suivival time 

The failure to obtain a beneficial effect of pyndoxme on gam in weight 
IS surprising, especially since forced feeding should have exaggeiatcd the 
deficiency of pyndoxme The answer does not seem to he in the duiation 
of the experiment, for definite gross symptoms of pyndoxme deficiency 
were obtained m all animals not receiving this vitamin, and the cxciction 
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of xanthurenic acid confirmed the existence of the metabohc defect associ- 
ated inth pjTidoxine deficiency The seeming ability of the trj^ptophan- 
deficient animals to shon a gam m n eight for the 1st n eek n hich n as not 
significantly less than that of the tryptophan-supplemented an imals maj’’ 
have been due to complication with bloat 
In a prei lous publication from this laboratory' (3) it w as postulated that 
the interrelationship between tn'ptophan and mcotmic acid when the 
dietary intake of both is low may' be analogous to the metabolic mterrela- 
tion of methionine and chohne Singal and coworkers (9) suggested a 
similar analogy, the methionme-cy stme relationship, to descnbe the mter- 
changeable role of tryptophan and mcotmic acid The large increase m 
the unnary excretion of mcotmic acid and its deinatixes followmg the 
addition of tryptophan to i anous diets m the albmo rat (4, 5, 8, 9), cotton- 
rat and horse (24), pig (25), man (26, 27), and dog (28) has been mterpreted 
by these mi estigators to indicate that tiy^ptophan is the dietary precursor 
of macin Although the evidence is circumstantial, the present study' 
supports this conclusion as the most probable explanation of the mcreased 
urinary' excretion of niacin followmg try ptophan administration 
The following facts, that (1) try'ptophan supplementation lesulted m 
mcreased unnaiy excretion of mcotmic acid and X‘-methy Inicotmamide 
on a diet extremely low m mcotmic acid, (2) this excretion continued foi 
01 er 3 w eeks, (3) there w as an mcrea«e m mcotmic acid and N*-methy'lmco- 
tinamide excretion when tiy'ptophan w as inci eased, (4) oi ei 200 per cent of 
added mcotmic acid was recoiered when 100 mg of L-try'ptophan were 
gn en, indicate that try'ptophan is being com erted into mcotmic acid and 
X‘-methy'lmcotmamide rather than that try ptophan is sparing or mobilizing 
the body'’s stoie of this vitamm To proi ide direct pi oof for the probable 
com ersion of try ptophan to macin a tracer experiment, w ith try ptophan 
labeled w ith isotopic carbon or nitrogen, has been suggested (29, 30) 
Ellinger and Benesch (31) haxe reported that succmy Isulfathiazole 
diminished the urmary' output of N'-methy'lnicotinamide by an merage ' 
of 60 per cent m man and mterpreted this as demonstratmg a biosymthesis 
of nicotinamide m the gut Later (32) Ellmger reported that this drug 
also reduced the excretion of N*-methy'lnicotmamide in the rat Najjai 
et al (33) found no reduction in the excretion of X*-methy Imcotmamide 
upon the administration of succmy Isulfathiazole, and suggested that the 
difference may' hm e been due to the nature of the ba^al diets used In thi= 
study the results with succmx'lsulfathiazole indicate that the comeision 
of tn ptophan to mcotmic acid and X’*-meth^ Imcotmamide is probably not 
dependent upon the sy'nthetic actn ities of intestinal microrganism^ 

The only significant effect of pxndoxine on niacin exciction ob=er\ed in 
this study was an mcrea'^e m X'-methy Imcotmamide when mcotmic acid 
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and 20 mg of tiyptophan Aveic also added, but not wlicn nicotinic .icid 
was absent, and at the 100 mg level of tri’^ptoplian there v as no effect of 
pyridoMne even when nicotinic acid was piescnt Tlicse obscr\'^ation& 
suggest that the synthesis of N‘-methylnicotinamidc from tryptophan 
was increased by the addition of nicotinic acid, and this increase vas great- 
est in the presence of pyiidoxine at the 20 mg level of tiyptophan, but any 
beneficial effect of pyiidoxme is piobably dependent upon the presence 
of an adequate amount of nicotmie acid 

Rosen, Huff, and Peilzweig (14) lepoitcd that p 3 ’-iidoxinc deficiency 
affects adveisety the tiansfoimation of tryptophan to nicotinic acid in the 
lat As the pjwidoxme deficiencj’^ became more acute, as mcasuicd bj'^ the 
increase m xanthurenic acid, they found a piogtessive decrease in the 
excretion of N^-methylnicotinamide In the picsent studj’’ there vas a 
gieater excretion of xanthuienic acid dining the 3id week than during the 
2nd week, but this was not at the expense of a deciease in N*-mcthyl- 
nicotmamide Moieovei , these investigators pointed out that the formation 
of xanthuienic acid is not diiectly i elated to the decreased formation of 
niacin Furthermoie, they found that the administration of kynurenine, 
kynurenic acid, and xanthuienic acid to rats on a complete diet failed to 
produce increased amounts of N^-methjdnicotinamide in the urme, and 
concluded, theiefore, that the metabolic course fiom tryptophan to nicotinic 
acid m the rat is not via the kynuienine pathway These authors also 
found that the mechanism foi meth 3 dating nicotinamide is not impaired in 
a vitamin Bo-deficient lat, noi is theie an abnoimal rate of destruction 
of N‘-methylnicotinamide 

Schweigeit and Peaison (15) have also repoited that when tiyptophan 
IS fed pyiidoxine-deficient rats and mice have a gieat^’- reduced abiht 3 ’- to 
convert this ammo acid to nicotinic acid and N^-mcth 3 dnicotinamide 
Their data leveal that when no tiyptophan was added to the basal lation 
(which contiibuted 3 1 mg of tiyptophan pei gm ) the excretion of N*- 
methylnicotmamide and nicotinic acid m miciogiams pei rat pei da 3 ’’ vas 
gieatei foi the animals receiving pyridoxine (93 and 23 4, lespectively) 
than foi the animals not receiving it (48 and 9 9), while on the basis of 
microgiams per gm of food the excietion was not significantl 3 ’' diffeient, 
9 3 and 2 4, respectively, foi those receiving p 3 uidoxine, and 9 9 and 2 1 
for those not receiving it Thus, on the basal diet pyridoxine had no effect 
on the conversion of tryptophan to nicotinic acid, 0 14 pei cent for the 
P3aidoxine-supplemented group and 0 11 per cent for the pyiidoxine-de- 
ficient group, while for N^-methylnicotinamide the conversion for the 
P3aidoxine-supplemented group Avas only 0 54 per cent, whereas it was 0 64 
poi cent foi the pyridoxme-deficient group Onh'- when 100 mg of dl- 
ti 3 ’’ptophan veie fed in addition to that in the diet was there a definite 
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increase in N'-mcthj Inicotmamide and nicotinic acid m favor of the pj n- 
doxine-supr emented group 

The explanation for the difference in the results of these mi estigators 
(14, 15) and of the present study maj'' he m the difference m experimental 
techmques Their basal rations vhich contamed an adequate amount of 
tij-ptophan, 4 5 mg per gm (14) and 3 1 mg per gm (15), were fed ad 
libilitm In the study bj the Duke group (14) a complete cessation of 
grov th was reported for the pi ndoxme-deficient rats, v hile m that of the 
Texas group (15) the deficient animals gamed onlj^ 10 gm per week, whereas 
the pyndoxme-supplemented rats grew at a rate of 20 gm per week Their 
data mdicate that the food consumption of the deficient group was also 
about half of that for the pjTidoxme-supplemented rats 

A defimtion of nutritional adaptation has been gi\en bj' IMitchell (34), 
who has reworded the theorem of Le Chateher to applj^ to animal life m 
its relation to the food suppl 3 ' “K an animal m equihbnum with its food 
suppl} (meanmg a v ell-nounshed animal) is subjected to nutntional stress, 
such as an inadequate (or an excessii e) suppty of one or more of the es- 
sential nutnents, the animal will react m such a waj’’ as to mmimize, as far 
as possible, or to undo entirelj' the effects of the nutntional stress ” One 
of the first and most common adjustments an animal makes to an made- 
quate diet, regardless of the tjqie of deficiencj', is a reduction of food con- 
sumption Experiments intended to determme the specific effect and 
role of anj' particular nutnent must be designed to avoid comphcation bj' a 
general response of lowered food consumption and the common effect as- 
sociated vith generahzed undemutntion Equahzmg the food mtakes of 
comparative animals bj' paired feeding differentiates betveen the specific 
effect of anj-^ particular dietarj treatment and the general effect associated 
vith poor appetite Forced feedmg, when feasible, is ei en more desirable 
because it not onlj completel} elunmates comphcation bj generahzed 
imdemutntion, but also accentuates the inherent effect of anj dietarj 
modification by blockmg the most common mechamsm of adaptation to 
nutntional stress Another advantage of forced feedmg is a decrease m 
the time reqmred to produce an acute deficienc} , illustrated m this studi- 
hi the earlj symptoms and death of the trjqitophan-deficient animals 

In studies of the urmarj^ excretion of mcotmic acid and its dem atives 
it is well to consider that our know ledge of the end-products of nicotmic 
acid metabohsm is mcomplete Perlzweig and Huff (35) hai e stated that 
“the excretion of Fo [N'-methj Inicotmamide] represents pnmanlj the 
resultant of the rates of tw o or more metabohc reactions mvobung niacin 
its methj lation to Fo and the subsequent conversion of F« to products as 
jet unknown” A new metabohte of nicotmarmde, identified as the 
product of oxidation tn vitro of N‘-methjdnicotinamide bj^ the quinine 
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oxidizing enzyme of labbii livci, has m fact been isolated fioin Initnan 
urine aftei nicotinamide administiation, and identified ns the O-pjiidonc 
of N^-metlydnicotinamide (30, 37) Knox and Gi ossman belioi e that this 
pyiidone is excieted in an amount at least compaiable to that of X^-meth}'!- 
nicotmamide The aiipeaianee of a considciable amount of an acid-labile 
nicotinic acid piccuisoi m the uiinc of lats iccciMiig huge amounts of 
tiyptophan suggests that it may be an mtei mediate in the S3mthcsis of 
nicotinic acid (9) Incomplete data obtained in this study indicate that 
this substance is also pioduced when onlj'- 20 mg of ti^'plophan are gnen 
The phj'^siologic significance of these compounds, uhich were not measured 
m this stud}'’, IS at piesent not known 
The piesent stud}'- shows that, while significant diffei cnees weie obscr\ ed 
m urinary excretion values, the onlj’’ significant diffeience m gam m weight 
was that obtained duiing the Ist week b}'- feeding 2 pci cent succinjlsiil- 
fathiazole Thus, under the piesent expeiimental conditions, theie was 
no lelationship betw^ecn the gam m bod}'’ weight and the iiiinar}" excretion 
of the compounds tested 


SUMMARX 

An acid-hydiolyzed casein diet deficient m tryptophan, pyiidoxme, and 
nicotinic acid w'as fed dnectly into the stomach GO }oung lats wcie 
divided into ten gioups of six each Eight gioups pio\idcd all possible 
combinations of the following supplements 20 mg of L-tiyptophan, 0 2 
mg of p}'^iido\me, and 0 2 mg of nicotinic acid Two groups received 2 
per cent succmylsulfathiazole Individual uiinaiy collections weie made 
foi 24 houis during the 2nd and 3id w^eeks and after an oial dose of 100 mg 
of L-tiyptophan during the 4th week The uime was analyzed loi fiee 
tryptophan, nicotinic acid, N'-methylnicotinamidc, and xanthuienic acid 
Statistical examination of the data indicated no significant effect of any 
of the supplements upon gam m w eight, ei en though definite symptoms of 
pyridoxme and tiyptophan deficiency weie obseived The piesence of 2 
pel cent succmylsulfathiazole m the diet lesulted m a gicatei gam m bod}'’ 
weight dining the 1st w eek, but not m subsequent w eeks 

The tiyptophan-deficient animals piogiessu ely exhibited bloat, diaiihea, 
and convulsions with scieechmg Death occuiied as eaily as the 6th day, 
and all animals w'eie dead aftei 13 days of a tiyptophan deficiency Histo- 
logically, theie w'as indication of fatty degeneration of the cells m the hvei 
The addition of 20 mg of L-tiyptophan inci eased the excietion of nico- 
tinic acid fiom 78 to 86 pei cent, legaidless of the piesence oi absence of 
pyridoxme oi nicotinic acid The inciease in N^^-methylnicotmamide due to 
the addition of tiyptophan wms consideiably greatei when nicotinic acid 
was piesent (204 pei cent) than when it w'as lacking (39 pei cent) The 
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recover^" of added nicotinic acid m the foiin of K^-methjdnicotinarmde a\ as 
181 to 198 per cent \\ hen 100 mg of n-ti^’^ptophan m eie fed This indicates 
that ^\hen mcotimc acid vs as present there vs as a gi eater conveision of 
triTitophan to N*-methylnicotinamide than vs hen mcotimc acid vs as lacking 
Pj ndoxine has no sigmficant effect on the conv ersion of tiyptophan to 
mcotimc acid and N*-methylnicotmamide The presence of mcotimc acid 
resulted in a greater formation of xanthuienic acid m pyridovine deficienc^^ 
The results obtamed vsnth 2 per cent succmylsulfathiazole in the diet in- 
dicate that the conversion of tryptophan to mcotimc acid and N*-methjd- 
mcotmamide is probably not dependent upon the synthetic activities of 
intestmal microorgamsms 

These observations contnbute additional evidence in support of the con- 
clusion that tr^Titophan is a dietarj'^ precursor of niacin as the most logical 
explanation for the greater urinary excretion of mcotimc acid and N^- 
methylmcotmamide by tryptophan-supplemented animals 
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EXPLANATION OF PLATE 1 

Fig 1 Histological sections of the liver (X 500), hcmato \3 lin-eosin stain of 
Harris A, normal, B, tryptophan-deficient 
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A MICRO PHOTOFLUOROMETER 
By OLWER H LOWHY* 

{From the Division of Nutrition and Physiology, The Public Health Research 
Institute of The City of New York, Inc , New York) 

(Received for publication, December 22, 1947) 

A need arose for a fluorometer sufficientlj’’ sensitive to measure the 
amounts of nboflavin and thiamme in a few hundredths of a ml of blood 
or blood serum There are approxunatety 1 and 0 25 millumcrograms of 
nboflainn and thiamme respectn ely m 20 c mm of blood serum, an amount 
convemently obtamable from the finger Conventional commercial flu- 
orometers require 100- to 1000-fold greater quantities of these vitamms for 
adequate measurement Fnedemann and Frazier (1) have reported the 
use of a more sensitn e fluorometer, but the instrument has not been de- 
senbed Hinton (2) used a vei^’’ sensitive galvanometer m conjunction 
with the Spekker fluorometer and was able to measure as httle as 1 milh- 
microgram of thiamme with a reproducibihty of 20 per cent Special 
capiUarj’- cells were employed 

It has been found easd}’’ possible to mcrease the sensitmty (and stabihty) 
of a commercial fluorometer 1000-fold by substitutmg a “multiplier” 
phototube for the phototube ongmally present With this modified instru- 
ment, 0 1 milhmicrogram of nboflavm {10“^” gm ) m 0 5 ml of solution 
can be measured with a precision of 5 per cent An instrument embodymg 
the same principles is now available commercially * 

Descnption will be given of the changes made to mcrease the sensitivity 
and stability of the instrument and of the alterations necessary to decrease 
the optical blank, the last bemg more difficult to accomplish 

Increasing the Sensitivity — ^The phototube of the Coleman photofluorom- 
eter, model 12, was replaced by an RCA multipher phototube. No 1P21^ 
A standard eleven prong tube socket was substituted for the ongmal socket, 
and w'as carefully onented to present the photo surface directly to the 

* Present address, Washington University School of Medicine, St Louis 10, 
Missouri 

* Farrand Optical Company, Inc , Bronx Boulevard and East 238th Street, New 
York 66, New York 

* There IS a series of RCA multiplier phototubes No 1P21 is a selected tube of 
high sensitivity and stability, and is, therefore, rather expensive No 931-A, which 
IS a similar but unseleoted tube, selling for considerably less, is not recommended for 
the present purpose As far as the author is aware, none of the other phototubes of 
the series, i e those with other photo surfaces or envelopes, is available in as highb 
a selected form as No 1P2I 
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light beam (The sensitive area on the mult iphcr tube is only a few mm 
wide ) The eleven w'cll insulated leads fioni the socket were earned out of 
the tube housing and instrument bo\ The tube Iiousmg was carefully 
sealed wnth black tape to exclude indnect light Except for the mercury 
vapor lamp and fan, the onginal electrical equipment m the box was dis- 
connected and not used 

The electrical circuit employed is xci^ simple (Fig 1) The output of 
the tube is led wuthout further amplification to the galvanometer (model 
34034 of the Rubicon Company, Philadelphia, sensitivity about 1 micro- 
ampere, full scale) A coarse and fine scnsitn ity adjustment is pro\ ided 



which permits a 100-fold range in sensitivity The fixed resistance between 
the tw ’'0 mexpensive radio potentiometers (Fig 1) is to prevent the sensi- 
tivity from being reduced to less than 1 per cent of the maximum At this 
lowest sensitivity the galvanometer will go off scale wdien the phototube 
output IS greater than about 0 1 milhampere, wRich is a safe upper limit to 
prevent damage to the tube 

The choice of batteries rather than a transformer for voltage supply is 
strongly recommended for the sake of sunphcity, stability, and freedom 
from trouble The voltage must above all be constant The mitial cost 
of batteries is low and, smee the dram is negligible, replacement is only 
necessary after a year or two of service Burgess 45 volt B batteries. No 
W30BPX, and especially Eveready 30 volt Mmimax batteries, No 413, 
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are conveniently small in size, and both have been used successfully As 
a precaution, the mdividual electrodes have been disconnected when not 
m sennce, with either gang switches or multiwire cable connectors The 
necessity for prevention of electncal leakage with the high voltages used 
should be taken mto account m the construction However, the inherent 
design of the phototube and the curcmt used is such that electncal leaks 
are of relatively minor significance m contrast with the troublesomeness 
of the usual phototube-high impedance circuit 

The battery used for the dark current adjustment may be kept m the 
curcmt contmuously, smce there is a neghgible dram through the high resis- 
tance of the shunt 

Because of the great sensitivity of the phototube, it is necessary durmg 
readmgs to cover the tube containing the sample to prevent outside hght 
from entermg Indeed, the external room hght must be kept subdued to 
prevent large galvanometer deflections due to reflections when the tubes 
are inserted Red hght, to which the phototube is relatively insensitive, 
ma}*^ be used convemently m the room 

Reduction of Optical Blank — As the sensitivity of the mstrument is m- 
creased, the galvanometer deflection with a blank tube of distilled water 
mcreases and limits the useful sensitivity obtamable This blank is chiefly 
due to fluorescence of the vanous components of the optical system, tm , 
lenses, hght filters and the sample tube itself Soft glass gives off a weak 
fluorescence, especially with shorter excitmg wave-lengths This can be 
largely ehnnnated by substitutmg Pyrex tubes The two ongmal lenses 
m the mstrument also have a shght fluorescence which can be ehnunated 
by replacmg them with eqmvalent Pyrex or quartz lenses This improve- 
ment IS, however, insufficient to warrant the trouble under ordmary cir- 
cumstances It is more difficult to ehmmate fluorescence of the hght 
filters The effect of their fluorescence can, however, be reduced by reduc- 
ing the scattered hght withm the system Two changes proved helpful m 
this regard In the path of the excitmg hght beam was fixed a wooden 
baffle which was so carved that only the central portion of the tube was 
illuminated (Fig 2) The wood was blackened vuth India ink To reduce 
scattered hght further, the inner chamber ^hich surrounds the sample tube 
was hned with black cloth, which is much less reflectmg than the ongmal 
smooth, blackened metal surface After these changes vere made, the 
optical blank was measured vnth the hght filter combmation appropnate 
for nboflavin (The primary filter, Coleman B 2 , consists of Conung glass 
Filters 5113 and 3389, the latter facmg the light source The secondary'- 
filter, Coleman PC2, is Coming glass Filter 3486 ) A 19 mm diameter 
soft glass tube filled mth redistilled water gave a galvanometer deflection 
equivalent to that obtamed with 3 railhmicrograms of nboflavm m 8 ml 
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By subslituimg a Pyic\ tube, the bUuiL was i educed to jusf half of this 
value 

The latio of iiboflavm leading to optical blank was still further improved 
by reducing the sample volume and using binaller P>ro\ tubes (9 mm 
outside diametei X 10 cm ) in an ndaplci (Fig 2) With this arrangement, 
wducli required no more than 0 5 ml of solution, the optical blank was 
equivalent to only 0 2 millimicrogiam of nboflav in per 0 5 ml The redne- 
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Fig 2 Adapter and baffle for micro pliotofluoromcter 


tion m volume has the fuither general advantage of increasing the con- 
centration of measured substances relative to the blank fluorescence of the 
reagents used 

Greater difficulty was encountered m reducing the optical blank wuth 
the filter combination used for the measurement of thiochrome, and other 
substances requiring the 365 m^t mercury band for excitation (the condensa- 
tion pioduets of diphosphopyridme nucleotide or N^-methylnicotmamide 
with ketones (3), pyiidoxme derivatives (4), xanthopterin and related 
products, quinine, etc ) The usual filter combination consists of Coming 
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glass Filter 587 as tlie primarj’- (Coleman, Bl) and Cormng Filters 3389 
and 4308 as the secondar}' (Coleman, PCI) The Commg Filter 3389 is 
itself quite fluorescent This can be decreased by insertmg a film of Wrat- 
ten gelatin filter. No 2A (Eastman Kodak Company), between Filters 
3389 and 4308 mth Filter 3389 faced toward the phototube Filter 2A, 
gelatm film, prevents the ultraviolet light from reaching Filter 3389 


Table I 


Riboflamn* Measurements with Micro Photofluoromeler 


8 ml volume 

a 

o 

volume 

Ribofla\m present 

Ribo£a\m found 

Riboflavm present 

Riboflavin found 

mxlUmxcTOgrams 

TrxlUmxcrotr^ms 

milltmicroirams 

miUtmtcrograms 

0 53 

0 54 

0 106 

0 107 

0 53 

0 59 

0 106 

0 105 

0 53 

0 55 

0 106 

0 108 



0 106 

0 106 

Average 0 53 

0 56 

0 106 

0 106 

1 99 

2 00 

0 53 

0 54 

1 99 

2 00 

0 53 


1 99 

2 07 

0 53 




0 53 


Average 1 99 

2 02 

0 53 

0 52 

20 8 

20 7 

1 99 

1 98 

20 8 

20 9 

1 99 

2 04 

20 8 

21 0 

1 99 

2 14 



1 99 

2 05 

Average 20 8 

20 9 

1 99 

2 05 


* The riboflavin was measured in the usual manner by comparing the initial 
fluorescence with the increase in fluorescence when an internal riboflavin standard 
was added 


Unfoitunately, Filter 2A is itself shghtly fluorescent, apparently owmg to 
the gelatm, hence, the combmation is still imperfect although much im- 
proi ed So modified, the optical blank v ith 0 5 ml of redistilled v ater m 
a 9 nun Pyre\ tube it as equivalent to the fluorescence of the thiochrome 
from 0 6 milhmicrogram of thiamme m 0 5 ml Although this is not as lov 
a blank as is desirable, the fluorescence of reagents and other substances 
likely to be present is larger than the optical blank, vhicli becomes, there- 
fore, of secondary importance 

















G82 


MICRO piroTorLUonoMi ti>u 


Pcijonnancc of M^cw Fliio) omctci — Table I illubtiatcs Uic measurement 
of 0 1, 0 5, and 2 millimiciogiam quantities of lIbofla^ m in a \ oliimc of 0 5 
ml , and 0 5, 2 0, and 20 millimiciogiam quantities m S ml Tlie precision 
of measuieinent is seen to be quite adequate, and compaies favorably with 
that of macio mstioimcnts winch icqune 1000-fold laiger samples At 
full sensitivity, with the adaptci, 0 1 millimicrogram of riboflnvm in 0 5 
ml (1 part m 5 billion) gave a gahanomclci dcflcetion of G dnisions At 
one-thud sensitivity, without the adaptci, 0 5 millimicrogiam of iibofla\in 
in S ml (1 pait m 16 billion) gave a deflection of S di\ isions Thus, if the 
optical blank could be fuithci leduced, it would be possible to measuie 
nboflavm at a dilution of 1 to 50 billion The icsponsc with thiochromo is 
neaity 20 times gi cater than with iiboflaim, hence, it could concenabh 
be measured at a dilution of 1 to a liilhon if the ojitical blank were suffi- 
ciently leduced 

DISCUSSION 

riuoiimetij’' IS inheicntty a much more sonsitnc analytical tool than 
colonmetiy for measuiing concenti ations of substances In colonraetnc 
procedures a significant peiccntage of the light must be absorbed, and this 
IS determmed almost entiiely b}’’ the concenti ation of the substance and the 
length of hght path In measurement of a fluorescent substance the sensi- 
tivity IS pioportional not only to the concentration of the substance and 
the length of hght path, but also to the intensity of illumination and the 
sensitivity of the photometer Theie aie limitations to the increase in 
illummation permissible wuth hght-sensitive materials, but the sensitivity 
of the photometer can be gieatly inci eased Theie are few substances 
which can be measured colorimetiically at concentrations less than 1 part 
per 10 milhon with a reasonable hght path This is a concentration 2000 
times stronger that that of the riboflavin solution mcasuied above, and this 
vitamin is not an exceptionally fluorescent substance 

SUMMARY 

A imero fluorometer is described wluch is 100 to 1000 times moie sensitive 
than existing commercial instruments, and which is capable of measuiing 
as little as 0 1 millimicrogram of iiboflavin, foi example, wuth a precision 
of 5 per cent, and largei quantities with at least the piccision attainable 
with macro fluorometers 
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A SIMPLE QUANTITATIVE CHEMICAL METHOD FOR 
ESTIMATING 7-GLOBULIN IN HUMAN SERUM* 

Bt B V JAGER AND MARGARET NICKERSON 

(From the Deparlmcnl of Medicine, University of Utah School of Medicine, 

Salt LaJe City) 

(Received for publication, December 9, 1947) 

Both sodium sulfate and potassium phosphate have been employed for 
the quantitative estimation of globuhn fractions m human serum (1-6) 
With these procedures, the quantities of the vanous globulins are deter- 
mined by subtractive methods after precipitation of portions of total globu- 
hn Also the volumes of salt solution added per ml of serum are large 
The method outhned here for estimation of y-globuhn departs from these 
procedures m that it entails the direct estimation of the protem content of 
the precipitate obtamed by addmg a small volume of saturated ammomum 
sulfate to imdiluted serum Certam characteristics of the fraction precip- 
itated have been evammed In both normal and pathological sera, the 
quantity of protem present m this fraction was found to correlate well with 
values estunated electrophoretically for 7-globuhn m the same samples 

Method 

Reagents — 

1 Saturated ammomum sulfate brought to pH 7 0 with ammonium hy- 
droxide 

2 0 33 saturated ammomum sulfate (pH 7 0) 

3 The dilute biuret reagent of Weichselbaum (7) 

Technique — ^To 1 0 ml of fresh serum m a 12 ml centrifuge tube is added 
0 5 ml of saturated ammomum sulfate drop by drop, the precipitate bemg 
shaken thoroughly after addition of each 0 1 ml The precipitate generally 
will disappear after shaking until more than 0 3 ml of salt solution is added 
The suspension is placed at 4° overnight It is then centrifuged for 30 
minutes at 3000 k p m m an angle centrifuge The pale yellow, clear 
supernatant fluid is removed by aspiration and discarded The packed 
precipitate is finely emulsified m the tube v ith a stirrmg rod after addition 
of 3 0 ml of 33 3 per cent saturated ammomum sulfate The tube is re- 
centnfuged for 30 mmutes at 3000 r p ni and the clear, colorless supernatant 
removed The precipitate is dissolved by stirrmg and shaking m 10 ml of 

* Aided by grants from the Physicians’ Research Fund of the TJnnersitj of btah 
School of Medicine, the Fluid Research Fund of the Rockefeller Foundation, and the 

ifc Insurance Medical Research Fund 
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0 85 pel cent sodium chloiidc To 5 0 ml of tins slighllj ojialcsci'nl color- 
less fluid aie added 5 0 ml of the bmict loagenl The iiiolrm content is 
measured in a Coleman model 11 iimveisal spcctrojiliotometoi, with 7 mm 
cuvettes and at a \vavc-Icngth setting of 555 mg 

Except foi the initial lefiigciation of the inecipitak', all stepT iirc per- 
foimed at room temperatuic If the ‘^ctum is cenlnfugcd immcdintcly 
after the initial addition of ammonium sulfate, (he piolein content of the 
precipitate frequently is 10 to 20 pci cent lowci than that of a sample per- 
mitted to stand oveiniglit m the icfrigcratoi Wlicn the scrum has a high 
Iipide content, the precipitate ledissolvcd in saline maj appeal tuibid even 
after the biuiet leagent has been added In such instances the lipidc is 
extracted w'lth ethei immediately bcfoic the spci trophotometne reading 
Repeated piotein dcteiminations on a standaid solution of labbit scrum 
with the biuret technique and ivith a micio-Kjeldahl method (S) gave agree- 
ment ivithin ±2 per cent The small amount of ammonium sulfate present 
m the precipitate redissolvcd in saline was not found to afTcct significantly 
the development of the biuret coloi leaction In a few cxpciiments in 
which sera w^ere kept frozen for ns long as 1 weeks, the quantities of pre- 
cipitate w^eie equal to those obtained with fic'^h sera 

Expmmenlal Obio vafions 

Accuracy of Method — ^The quantity of wmshed piecipitatc (Fraction G G- 
33 3) obtained wnth this technique w'as dotciTnincd m triplicate on the scia 
of ten noimal subjects (Table I) The standaid deviation of the method 
w^as 0 021 gm , ivhich gave a coefficient of laiiation of ±2 7 per cent 
Pi otein-Bound PJwsphoius Con/eni— Aliquots of piotem obtained bj di- 
alysis of whole serum, of the supernatant fraction after precipitation with 
33 3 per cent saturated ammonium sulfate, and of the w ashed 33 3 pei cent 
precipitate were digested wuth pei chloric acid (9) and the phosphoius con- 
tent determined spectrophotometncally (10) With the mean i allies ob- 
tained from determinations on seven sepaiate seia and then fractions, the 
protein-bound phosphorus content, as mg of P per gm of protein, is as 
follow^s whole seinim 2 02, supernatant 1 75, and washed piecipitate 0 24 
The protein-bound phosphorus content of the precipitate, wdiile lowq is 
somewhat greater than that of electrophoietically isolated 7-globuhn as de- 
termmed by BIi\ and coworkers (11) 

Antibody Content — Endeis (12) has showm that man}'- of the antibodies 
piesent in human sera aie concentrated in Colm’s Fi action II, w’-hich con- 
sists almost entirely of 7-globuhn (13) A few'^ antibodies, how^evei, such 
as those to the typhoid 0 antigen and isoagglutinms to blood types A and B 
w^cre found to be concentrated in Fraction ITTi, wdncli consists mostly of 
/3- and 7-globuhns Using methods of antibody measuiement smnlai to 
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those of Enders, we detenmned the concentration in whole serum and m 
the two fractions obtamed with ammomum sulfate Each fraction after 

T%3LE I 

Triplicate Determinations of SS S Per Cent Saturated Ammomum Sulfate 
Precipitate (Washed) in Ten Normal Human Sera 


Expressed in gm of precipitate per 100 ml of sermn 


Senna 

Detcnninalioa 1 

DetermtnatioQ 2 

Detemicatjoa 3 

j Ueaa 

R B 

■H 

0 666 

1 0 66S 

0 665 

B G 



[ 0 850 

0 841 

R G 


1 210 

1 104 

1 132 

V D 


0 742 

0 718 

1 0 737 

H A 

0 9S0 


1 000 1 

1 0 991 

M N i 

1 070 


1 070 1 

1 1 OSl 

V J 1 

0 73S 


0 73S ' 

0 733 

B L 


; 1 055 1 

1 055 

1 049 

J T 

0 679 


0 66S 

0 669 

A D 

1 1 077 1 

1 045 

1 037 ' 

1 053 


Standard deviation of the method, 0 021 gm , coefficient of variation, =2 66 per 
cent 


Table II 

Antibody Content in Whole Serum and in Serum Fraction 
The antibodj content of each fraction was determined by using a protem content 
per ml identical with that which this fraction possessed in the onginal serum 
Antibodj titers are expressed as reciprocals of the last dilution of serum or fraction 
giving 2+ agglutination with the exception of d'phthena antitoxin which is meas- 
ured bj the rabbit skin test, the values being in umts per ml 


Antibody 

Source 

Antibody concentration p^r aL 

■Whole 

'CTua 

Fraction G GJ3 J 

Seperratant 

Diphtheria antitoxin 

Pooled normal sera 


0 075 

0 018 

it 

Convalescent patient 

0 32 

0 17 

0 14 

Typhoid H 

Immunized subject | 

5120 

5120 

2560 

“ 0 

H ff 1 

1 

160 

0 «20) 

SO 

Isoantibodj against 
group A cells 

Normal subject * 

1 

64 

0 «8) 

64 

Heterophil antibodj 

Patient with infectiousi 
mononucleosis j 

320 

1 

1 

SO j 

i 

I 320 

1 


dialj-sis was brought to the protem content it possessed m the ongmal 
serum The results (Table II) mdicate that diphthena antitoxm^ and 


‘ Diphtheria toxin and antitoxin iiere furmshed bj the Lederle Laboratories Dm 
Sion, American Cyanamid Company 














68 b 


ESTIMATION OF 7-QLOBUEIN IN SERUM 


typlioid H antibody are concentrated in Fraction G G 33 3 However, isoag- 
glutinins to gioup A cells, the heterophil antibody, and typhoid 0 anti- 
body were not concentiatcd in this fiaction 
Elcclroplioi elic Composition of Fractions — ^/Vnalyses were made in a Ti- 
sehus apparatus equipped with a Longswoith schheicn scanning device 

Table III 

Elcclrophoreltc Analysis of Whole Scrum and of Fractions Obtained iiilh S3 S 
Per Cent Saturated Ammonium Sulfate 


The values are expressed in gm of protein per 100 ml of serum and is per cent ol 
the total serum protein 


Sample 

Total 

protein 

Albumm 

Globulin 


ai and orj 

Pi and Pj 

a 

rt 

Pooled noimal serum 




gm 

per cent 

gm 

percent 

gni 

per cent 

gtn 

per cen, 

Whole serum 

7 79 

4 CO 

69 

1 17 

15 

0 93 

12 

1 09 

14 

Supernatant* 

5 91 

4 20 

71 

1 00 

17 

0 59 

10 

0 12 

2 

Fraction G G 33 3 

1 04 

0 

0 

0 17 

10 

0 11 

11 

0 76 

73 

Wash of Fraction* 
GG333 

0 84 

0 21 

25 

0 19 

22 

0 06 

7 

0 39 

1 

46 

1 

Whole serum 

7 67 

4 75 

62 

1 07 

14 

0 84 

11 

0 96 

1 13 

Supernatant* 

G 42 

4 43 

69 

1 09 

17 

0 90 

14 

0 

0 

Fraction G G 33 3 

0 97 

0 01 

1 

0 05 

5 

0 13 

14 

0 78 

SO 

Wash of Fraction* 
GG333 

0 28 

0 09 

31 

0 03 

12 

0 03 

1 

12 

1 

0 13 

45 


Serum from case of arthritis 


Whole serum 

7 92 

3 64 

46 

1 19 

15 

0 79 

10 

2 30 

29 

Supernatant* 

6 20 

3 27 

63 

1 35 

26 

0 67 

11 

0 

0 

Fraction G G 33 3 

2 07 

0 

0 

0 06 

3 

0 29 

14 

1 72 

83 

Wash of Fraction* 

G G33 3 

0 65 

0 23 

35 

0 

0 

0 08 

12 

0 34 

63 


* Corrected for the volume increase resulting from the addition of ammonium 
sulfate solution 


Runs were made at 1 5°, with a veronal buffer at pH 8 4 to 8 6 , an lomc 
strength of 0 1, and a cell piotem concentration of 1 5 gm pei cent In 
the various studies here and m the subsequent section, the mobilities of the 
various fractions exhibited the following ranges (X 10“^ sq cm per volt 
per second) 7 -globulm, 0 8 to 13, jS-globulm, 2 8 to 3 7, cr-globulm, 4 1 to 
6 5 , albumm, 6 0 to 6 7 ^ 

* Electrophoretic studies were carried out by Dr Emil L Smith with the technical 
assistance of D M Brown at the Laboratory for the Study of Hereditary and Meta- 
bolic Disorders, University of Utah School of Medicine 
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In Table III, the electrophoretic composition of the ■ivhole serum and of 
the two fractions obtained mth ammonium sulfate, as well as of the wash 
fluid, are presented Fraction G G 33 3 was relatively homogeneous, bemg 
73 to 83 per cent y-globuhn B 3 ' sunple calculation, it may be shown that 
Fraction G G 33 3 contains from 70 to 82 per cent of the total 7 -globuhn 
present in whole serum l^Iost of the remainder is lost during the process 
of washing the precipitate 

Comparison of Chemical and Electrophorelic Values for y-Globidin — In 
thirtj -seven human sera (seven from normal subjects and thirty from pa- 
tients mth vanous diseases) the numerical \alue for 7 -globuhn as deter- 
mined chemicallj’’ was found to correlate reasonablj’’ v ell v ith the value for 



ELECTROPHORETIC ESTIMATION 

Fig 1 The eolid line i\ould obtain if perfect correlation between chemical and 
electrophoretic methods for estimation of T-globulin to total protein had occurred 
The dotted line is derived from calculations to fit the observed points, assuming the 
electrophoretic estimations to be true values Because of overlappmg, the entire 
thirty seven values cannot be represented graphically 

7-gIobuhn obtamed by electrophoretic estimation (Fig 1 ) The values are 
expressed as per cent of the total serum protem The standard deviation 
of the chemical values from the electrophoretic values was 2 01 per cent, 
with a coefficient of variation of 10 per cent The mean electrophoretic 
value for 7 -globuhn m the thirty-seven samples of sera was 17 9 per cent 
A cun^e constructed to fit the pomts m Fig 1 has the formula y = 3 419 -f- 
0 8498a; The value of is 4 72 ® The numencal values for 7 -globuhn 
(Fraction G G 33 3) determmed chemically are somewhat high m the nor- 
mal range and somewhat low m the high range for correspondmg values of 
T-globuhn determmed electrophoretically 

SohhUUy Studies — ^The precipitation of a 7 -globuhn fraction from undi- 

* “ (2(y — j/'lO/fn — 2 ), where y = the observed value and j/® = the calculated 

value 
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luted seium with satuiated ammonium sulfate may be ciiticized because of 
the likelihood of occlusion of othei piotcms in the piecipitate and because 
of the gieatei tendency foi hpide-nch /3-globuhn to adlieic to the precipitate 
m undiluted seium compaied with diluted seium (14) However, with di- 
lution of seium pi 101 to piecipitation, the recovery becomes poor, par- 
ticulaily m those seia in vliich the 7 -globulin fraction is not increased 



TOTAL VOLUME TOTAL VOLUME 

Fig 2 Fig 3 

Fig 2 Quantity of protein recovered in thc> precipitate (as per cent of protein 
quantity introduced) ( 1 /) uitli increasing volumes of 33 3 per cent saturated 
ammonium sulfate solution (x) for three separate amounts of Fraction G G 33 3 
Fig 3 Effect of dilution upon the quantity of precipitate recovered for four speci- 
mens of whole serum in which increasing concentrations of Fraction G G 33 3 were 
demonstrated by the usual method Percentage recovery with increasing dilution is 
arbitrarily expressed as per cent of the protein precipitate obtained with a 4 5 ml 
volume of salt solution 

A large quantity of washed and dialyzed Fraction G G 33 3 was prepared 
from pooled normal human serum by the method outlined above 1 0 ml 
quantities of a given concentration of protein solution were diluted with in- 
creasmg volumes of saline prior to addition of sufficient satuiated ammonium 
sulfate to produce 33 3 per cent saturation In each instance the pre- 
cipitate was washed with 3 0 ml of 33 3 per cent satuiated ammonium sul- 
fate The total volumes of solution m contact with each protein concentra- 
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tion ranged from 4 5 ml for undiluted protem solution (1 ml of protem 
solution + 0 5 ml of salt + 3 0 ml of wash fluid) to 15 ml (dilution w ith 
7 ml of NaCl) These procedures were carried out for piotem concentra- 
tions of 2 40, 1 GO, and 0 80 gm per cent The quantity of protem m the 
precipitate as measured and was expressed as per cent of the ongmal pro- 
tem concentration of the solution As is seen m Fig 2, the greater the 
total lolume of solution m contact uith protem, the less the amount of 
protem that maj be expected to precipitate ^Moreover at any given vol- 
ume, the percentage recoverj’’ of the protein mtroduced becomes less with 
decreasmg concentrations of protem m the ongmal solutions Similar re- 
sults were obtamed mth a sample of Cohn’s Fraction II (13) This frac- 
tion, howei er, was far more soluble in 33 3 per cent saturated ammomum 
suFate than was ours 

In Fig 3 IS illustrated a similar study on normal sera and pathologic 
sera m which Fraction G G 33 3 content was mcreased Here the amount 
of precipitate present with the usual procedure (4 5 ml of the total \ olume) 
IS taken to represent 100 per cent jneld and the precipitate recovered m 
diluted serum is expressed m relation to this amount m per cent While 
the percentage lecoierj" vith dilution fell off steeply for sera with normal 
values for Fraction G G 33 3, this was not the case for the pathologic sera, 
m which this fraction was mcreased The similanty of these results with 
whole sera to those obtamed m solutions of Fraction G G 33 3 is endent 

DISCUSSION 

Because of the overlappmg solubility characteristics of the various globu- 
Im fractions, there is no simple saltmg-out procedure which mil permit 
quantitative recoveiy of a homogeneous 7-globuhn With the usual salt- 
ing-out methods for globulm fiactionation, the volume of salt solution added 
per ml of serum is large As is mdicated b}^ our solubility studies, such 
methods, if scaled to yield a homogeneous fraction of y-globulm, will give 
a poor leco^erj'- when the 7-gIobulm content is normal or moderately m- 
creased and a relatively greater reco^ erj’- w hen this constituent is consider- 
ably mcreased (2) Such methods adjusted to give recovenes of piotem 
numerically equivalent to the electrophoretic content of 7-globulm m nor- 
mal serum necessarily must mvolve the simultaneous precipitation of con- 
siderable amounts of other globulm fractions The method that we have 
presented, while it does not jneld a pure fraction of 7-globuhn, permits 
sufBcient recovery to detect relatively shght quantitatn e changes m the 
ranges m which this constituent is normal or moderatety elevated as well 
as m the range m which it is greatly mcreased 
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SUMMARY 

A Simple method is desciibed foi measuiing the amount of piotcin pie- 
cipitated fiom undiluted seium to which is added sufficient ammonium sul- 
fate to pioduce 33 3 pei cent satin ation 
Electiophoietic studies indicate that this fi action consists mainly of 7 - 
globuhn and demonstiate a good numciical con elation between electro- 
phoietic values foi 7 -globuhn and chemical values in nonnal and abnormal 
sera 

Investigation of some solubility chaiacteiistics of this fi action leveals cer- 
tain advantages in mailing the piecipitation from undiluted rather than 
diluted serum 

Dr G R Gieenberg suggested this method to us Dr Emil L Smith 
and Dr M M Wintrobe gave helpful cnticism 
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THE ACTION OF ENZYIMES ON PARAMECIN* 

Bt WILLEM I \AN WAGTEN’DONK 
(From the Department of /oology, Indiana University, Bloomington) 

(Received for publication, Januarj 13, 1948) 

Paramecin, the “killer” substance of Paraineciiim aiireha (stock 51, van- 
et}’^ 4), IS easilj’’ inactivated under mild conditions, as is evidenced by the 
influence of the hydrogen ion concentrations on its stabihty (2) Para- 
meem is most stable at a hj-^drogen ion concentration of 8 0 to 8 5, never- 
theless, 13 per cent of the activity is lost after an incubation of an hour at 
30 0° at this pH The heat of actn ation of the mactivation reaction, cal- 
culated from the reaction rates at 30° and 40°, w as found to be 126,000 cal- 
ones per mole at pH 7 0, a value typical for eithei an enzyme or a protem 
or both 

The analysis of paramecin by means of enz 3 Tne digestion experiments 
which seek to identifj' specific substances and linkages b 3 ’^ specific enzymes 
might reveal some of the chemical nature of this compound ilethods of 
this kmd have been mvaluable m the analysis of the chemical nature of the 
chromosome by van Herwerden (3), Caspersson (4), Mazia (5), and Cat- 
cheside (6), and m studies by Brachet (7) on the role of nucleic acids durmg 
embryomc development It could not be hoped that the application of the 
enz 3 Tne digestion technique w ould specifically identif 3 ' parameem as a chem- 
ical entit 3 ) however, valuable information might be obtamed on the pres- 
ence m the parameem molecule of certam classes of compounds which are 
essential for its biological activity 

Methods and Results 

Enzyme Prepaialioiis — The action of the follow mg enzyme preparations 
on parameem w as investigated (a) lysoz 3 Tne m the form of its crystallme 
carbonate prepared by Alderton and Fevold (8) , (6) a l 3 ''soz 3 ’me preparation, 
MI35A, prepared by Meyer and Hahnel (9), (c) hyaluromdase. Preparation 
HD88-99, 35 viscosity reduemg umts per mg , prepared accordmg to the 
procedure of Madmaveita (10) and obtamed from Dr Eiwm Schwenk, (d) 

* Contribution No 379 from the Department of Zoologj , Indiana Umversity 
Supported by grants from the Jane Coffin Childs Memorial Fund for Aledical Re- 
search, the National Institute of Health of the United States Public Health Ser- 
vice, and the Rockefeller Foundation (grant for research on Parameeium genetics) 

Part of this study was presented in a symposium, “Plasmagenes, genes and char- 
acters in Paramecium aurelia,” at the 114th meeting of the American Association for 
the Advancement of Science, Chicago, Illinois, December 26-31, 1947 A prelimi- 
nary report is m press (1) 
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crystalline tiypsin, obtained fioni Aimoui and Company, (c) papain, puri- 
fied according to the pioceduie of living et aJ (11), (/) pepsin (Merck and 
Company, Inc), (g) ci 3 ^stallmc clij'^motiypsin, obtained fiom Ai-mour and 
Company, (li) ci 3 '^stallino iibonuclease (Di Kuni(z), (?) ci 3 ’^stallme deso\y- 
iibonuclease (Di McCaity), and (j) protein B, a pioteolytic enzyme iso- 
lated fiom beef pancieas (12), obtained fiom Di Laskowski 

We vant to express our deep appicciation to Dr G Aldeiton and Dr 
H L Devoid of the Western Regional Rescaich Laboiatoi 3 ’’, Dr K Meyer 
of Columbia Univeisit 3 ’', Di Envin Sclivenk of the Scheiing Corporation, 
Dr M Kunitz and Di IM McCai t 3 ’- of The Rockefellei Institute for hledi- 
cal Research, and to Di M Laskowski of h'laiquettc Umveisity foi their 
moie than geneious gifts of several of the above enz 3 Tnc pieparations 

Method of Testing — A detailed desciiption of the methods of cultivating 
Patamecmm amelia and of the piocedure of testing the activity of pai- 
amecin extracts has been published ( 2 ) The action of the enzymes was 
determmed by incubating the paiamecin exdract v ith the particulai enz 3 Tne 
under investigation at 30 0°, while care was being taken in each case to 
adjust the substrate in such a manner that optimal activit 3 '^ foi the enz 3 Tnic 
action was assuied Samples wei e taken after temperature adjustment and 
at different time inteivals up to 60 minutes After dilution the samples 
were tested in the usual way foi activity, b 3 ’’ distiibuting 1 cc of the dilution 
to ten depiession slides containing sensitive animals (Paiamccinm aincha, 
stock 31, vaiict 3 ’’ 8 ) Aftei incubation for 48 houis at 27° the dead and 
affected animals weie counted The actual counts weie lecalculated on a 
percentage basis A contiol in phosphate buffer of pH 7 0 and a control in 
which the substiate had the same composition as the one used in the enzyme 
expel iment, but m which the enzyme was leplaced by a buffer solution, 
weie included m each experiment All enz 3 mes vere tested m the concen- 
tiation of the final dilution foi an 3 '' action on sensitive paiamecia In no 
instance could an 3 '' lethal effect or paiamecin actnut 3 ’' of the i aiious enzymes 
be detected All the data given aie averages of at least duplicate de- 
termmations 

Lysozyme — Lysoz 3 me activity has an optimum at pH 5 3 when the ac- 
tivity IS measuied viscosimetncally At this h 3 '-diogen ion concentration 
paiamecin is veiy rapidly inactivated Howevei, a second optimum can be 
demonstiated at pH 7 0 when lysozyme activity is measuied b 3 ’' the inciease 
m reducing groups in the substrate The depol 3 meiase action of hsozyme 
at this pH IS only slightly less than at its optimimi The addition of sodimn 
chloride m a concentration of 0 2 m is necessary to msuie highest activit 3 ’' 
of the depol 3 merizing action of lysozyme, while the opening of glucosidic 
linkages does not seem to require halogen (9) It was decided therefore to 
investigate the action of lysozyme on paiamecin m the presence of sodium 
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chlonde It is clear from Table T that the two lyso 2 yine preparations had 
no effect on the actmty of paramecin No significant difference is apparent 
between the inactn ation m the absence and in the presence of the enzjmie 
It should be noted that paramecm is much more unstable m the presence of 
02 m sodium chlonde than when sodium chlonde is omitted from the sub- 
strate 


Table I 

Action of Lysozyme on Crude Paramecin Extracts 
Samples of 0 05 cc were taken at 30 and 60 minutes and diluted 1 500 before 1 cc 
of the dilution was distnbuted over ten depressions contaimng sensitive Paramecium 
aurelia Dead and affected animals were counted after 4S hours The buffer added 
to Control 2 was 0 4 m in NaCl All of the lysozyme preparations were dissolv ed in 
phosphate buffer of pH 7 0, v\ hich contained 0 4 m XaCl The final concentration 
of NaCl was 0 2 m in every experiment, except Control 1, which contained no salt 



Composition of medium 

Per cent activity 

0 mm 

30 nun 

60 mm 

Control 1 

1 0 cc paste 

100 0 

72 3 

45 2 


10“ buffer 




“ 2 

10“ paste 

100 0 

47 8 

20 4 


10 “ buffer, 0 2 M NaCl 




“ 3 

10“ lysozyme, 200 y per cc 

0 

0 

0 


10 “ buffer 




Ljfiozyme MI35A, 

10 “ paste 

100 0 

45 9 

21 2 

1 7 per cc 

1 0 “ lysozyme, 2 y per cc 




Lysozj-me MI35A, 

1 0 “ paste 

100 0 

44 8 

19 3 

10 7 per cc 

1 0 “ lysozyme, 20 y per cc 




hjsozjTne MI35A, 

1 0 “ paste 

100 0 

46 2 

22 0 

100 7 per cc 

10“ lysozyme, 200 y per cc 




Ljsozj-me W R ,* 

10“ paste 

100 0 

40 1 

19 0 

1 7 per cc 

10“ lysozyme, 2 y per cc 




hjBozjTne W R ,* 

1 0 “ paste 

100 0 

43 5 

IS 0 

10 7 per cc 

1 0 “ lysozyme, 20 y per cc 




Lysozyme W R ,* 

1 0 “ paste 

100 0 

49 2 

22 3 

100 7 per cc 

10“ lysozyme, 200 y per cc 





* Western Regional Research Laboratorj 


Uyalurontdase — ^The presence of hyaluromdase m pathogemc bactena 
(13-16) and spermatozoa (17-19) suggests that this enziune pla 3 's a role m 
the processes of mvasion by the depoljonenzation of the mucoid ground 
substance of connective tissue Evidence has also been presented that 
hyaluromdase and the “spreadmg factor,” which mcreases the permeabilitj 
of the host tissue, are identical (20-22) Paramecm extracts were mcu- 
hated vuth hyaluromdase m different concentrations The results, which 
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are leported in Table II, indicate that hyaluronidase is without any effect 
on the activity of paiamecm 

Papain — ^Papain was purified according to the procedure of Irving el al 
(11) The final piecipitate ivas diied m vacuo After it iias equilibrated 
with the moisture of the laboratoiy atmosphere, it contamed 12 79 per cent 
KjeldahJ N, and had about the same activity as the product obtained by the 
above woiliers Hoover and Kokes (23) lepoited that the initial late of 
digestion by papain has an optimum at pH 7 Although the optimum foi 
final digestion of proteins is at pH 5, it was decided to test papam at a pll 

Table II 

Action of Hyaluronidase on Crude Paramecin Exhacls 
The enzyme was dissolved m phosphate buffer, pH 7 0 Samples ivere taken at 
the designated time intervals and diluted 1 500 before testing 1 cc of the dilution 
was distributed over ten depressions containing sensitive Paramecium aurclia 
Dead and affected animals wei e counted after 48 hours 



Composition of medium 


Per cent actu itj 



0 mm 

20 min 

40 min 

CO mm 

Control 1 

1 0 cc paste 

10“ buffer, pH 7 0 

100 0 

79 7 

65 5 

42 0 

" 2 

10“ hyaluronidase, 20 
mg per cc 

0 

0 

0 

0 

Hyaluromdase, 10 mg 
per cc 

1 0 cc paste 

10“ hyaluronidase, 20 
mg per cc 

100 0 

76 0 

63.7 

45 9 

1 

! 

i 

1 

Hyaluronidase, 1 mg 
per cc 

1 0 cc paste 

1 0 “ hyaluronidase, 2 mg 
per cc 

100 0 

77 0 

[ 

i 63 6 

j 

45 0 

Hyaluronidase, 0 1 
mg per cc 

1 0 cc paste 

1 0 “ hyaluronidase, 0 2 
mg per cc 

100 0 

81 0 

62 8 

; 41 5 


of 7, smee theie seems to be no essential difference m the attack of the 
enzyme on piotems The enzyme was activated by incubating 25 mg of 
the pmified piepaiation m 25 cc of phosphate buffei (pH 7 0) v ith an equal 
amount of cysteine foi 1 horn at 30 0° It can be seen fiom Table HI that 
papam did not inactivate paramecin 

Trypsin — Appaient mactivation to about 20 per cent of the origmal 
activit}’ took place within the first 20 minutes when paramecin extiacts 
were meubated with trypsin Heieafter no further mactivation took place 
This behavior suggested that paiamecm foimed an mactive complex with 
trypsm, smiilai to those foimed by tobacco mosaic virus and trypsin, as 
reported by Stanley (24), Lormg (25), and Kleczkowski (26) In order to 
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test this, 4 cc of a paramecin extract were incubated with 1 mg of trypsm 
for 20 minutes at 30 0° This suspension was then tested without dilu- 
tion and m mcreasing dilutions (Table W) Appaiently trypsm macti- 
1 ates paramecm by reversible complex formation The complex dissociates 
easily upon dilution 


Table III 

Action of Papain on Crude Extracts of Paramecin 
Samples were taken at the designated time intervals and diluted 1 500 before 
testing 1 cc of the dilution was distributed over ten depressions containing sensi- 
tive Paramecium aurelia Dead and affected animals were counted after 48 hours 



Composition of medinni 


Per cent activity 

! 


0 mm 

1 20 min 

40 min 

60 mm 

Control 1 

1 0 cc paste 

10“ buffer, pH 7 0 

100 0 

76 0 

60 0 

47 0 

“ 2 

10“ paste 

1 CO buffer, pH 7 0 

1 mg cysteine per cc 

100 0 

97 0 

96 0 

94 0 

Papain 

1 0 cc paste 

1 cc buffer, pH 7 0 

Papain, 1 mg per cc 

Cysteine, 1 mg per cc 

100 0 

i 

98 5 

1 I 

1 

1 1 

: 1 

1 

95 5 

1 

92 5 


Table IV 

Dissociation of Inactive Complex of Paramecin with Trypsin on Dilution 



Dilution 

Nos of sensitive 
Paramecia killed per cc 
of diluted paste 

Total activity 

Control 

1 10,000 

61 

610,000 



96 

96 

Tr3rpsin ^ 

1 100 

764 , 

76,400 

" : 

1 1,000 

127 

127,000 


1 10,000 

‘ 57 , 

570,000 


1 100,000 * 

' 5 

500,000 


Pepsin — Stanley (27) reported that tobacco mosaic virus was mactivated 
when mcubated vnth pepsm under conditions favorable foi optimal pio- 
teolytic activity of pepsm The optimal pH for the pioteolytic activity of 
pepsin is 2 0, a hydrogen ion concentiation at which paramecin is mstan- 
taneousl}’^ mactivated (1) The lowest hydrogen ion concentiation at 
iihich different rates of inactivation could be determmed with any degree 
of accuracy was that of pH 6 At this pH pepsm still exerts proteol 3 rtic 
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activity (28) It was found (Fig 1) that the presence of pepsin in the 
substiate caused a gieatei inactivation than that found in the control 
Chymoii y-psin — Cij'-stallme chymotiypsin was dissolved in a phosphate 
buffei of pH 8 The solution contained 2 mg of chymotiypsin per cc 



Fig 1 Inactivation of pin amecui by pepsin ind crystallme chymotri'psm Pep- 
sin, 1 cc of paiamecium paste phospliate buffoi (pll 6 0) was incubated with 1 cc of a 
pepsin solution (Merck, U S P , gianular, 2 mg pei cc in phosph ite buffer, pH G 0) 
at S0°, chymotiypsin, 1 cc of Pat ameciuni paste in phosphate buffer (pH S 0) was in- 
pubated with 1 cc of a chymotrypsin solution (Armour and Coinpanj crystalline, 2 
mg per cc in phosphate buffer, pH S 0) at 30° 

Incubation of a paiamecium paste with this clyunotiypsin solution lesulted 
in a gieatei loss of activity than in the coi responding control (Fig 1) 
Ribomiclease — ^^dien a paiamecium paste was incubated with vaiying 
concentiations of iibonuclease (RNase) in the piesence of ]Mg++ ions (29), 



W J VAN WiGTENDONK 


697 


no inactivation of paramecin, other than the mactivation normally oc- 
cumng at the pH of 7 4, was found to occur (Table V) It is also clear from 
Table V that Mg^ ions do not affect the inactivation of paramecm 
Desoxynbomidease — The most revealing experiments were those con- 
ducted with desoxyribonuclease It can be seen from Fig 2 that paramecm 
IS inactivated rapidly when mcubated with varying amounts of desoxy- 
nbonuclease 


Table V 

Incubation of Paramecin with Ribonuclease 

The ribonuclease and MgSO< were dissolved in phosphate buffer, pH 7 4 Samples 
were taken at the specified time intervals and diluted 1 500 before testing 1 cc of 
the dilution was distributed over ten depressions containing sensitive Paramecium 
aurelia Dead and affected animals were counted after 48 hours 



ComposiUon of medium 


Per cent activity 



0 mm 

20 mm 

40 miD 

60 mm 

Control 1 

4 0 cc paste 

1 0 “ buffer, pH 7 4 

100 0 

88 1 

76 5 

65 5 

" 2 

4 0 “ paste 

05 “ buffer, pH 7 4 

05 “ Mg'*"'' solution, 0 25 M 

100 0 

84 6 

70 5 

i 

64 5 

“ 3 

4 0 “ paste 

05 “ buffer, pH 7 4 

0 5“ RNase, 200 y per cc 

100 0 

85 6 

73 4 

65 0 

RWase, 20 y per cc 

4 0 “ paste 

0 5“ RNase, 200 y per cc 

05 “ Mg''^'soIution,0 25si 

100 0 

81 0 

74 0 

65 5 


4 0 “ paste 

0 5“ RNase, 20 y per cc 

05 “ Mg''^Bolution,0 25 m 

100 0 

82 5 

73 1 

1 

63 1 

“ 0 2 “ “ " 

4 0 “ paste 

0 5“ RNase, 2 y per cc 

0 5“ Mg++ solution, 0 25 m 

100 0 

84 1 

71 9 

63 9 


Desoxyribonuclease is specifically activated by Mg++ and Mn++ ions 
in concentrations as low as 0 003 m The activation by Mg++ ions is 
inhibited by citrate m a concentration of 0 01 ai, while the ]\In++ activa- 
tion IS not (30) Experiments were designed to test whether the inacti- 
vation of paramecm by desoxyribonuclease was pi evented by omittmg 
magnesium from the substrate and whether addition of citrate to the com- 
plete test solution would have any influence on the mactivation of 
paramecin by desoxyribonuclease m the presence of either magnesium or 
manganese ions It is clear from Fig 3 that magnesium m a concentration 
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ENZYMK IN VCIIVA'IION 01' I’AUAMECIN 


of 0 003 M IS essential for the inactivation of paramecin by the enzyme A 
slight inactivation is found if magnesium is omitted fiom the substrate 
However, since no special precautions weie taken to exclude all tiaccs of 
magnesium from the solutions, this slight inactivation might be due to the 



Fig 2 Inactivation of paramecin by different concentrations of deso\ynbonu- 
clease The paste oi Paramecium aureha was piepared by breaking the animals up 
in a 0 01 M phosphate buffer, pH 7 6, containing 0 25 per cent gelatin and 0 003 Mg'^ 
ions The deso\yribonuclease was also dissolved in this buffer, in such a concentra- 
tion that the final concentration in the test was like that indicated in the figure 

presence of traces of this metal in the substiate The addition of citiate 
pievents paiamecm bieakdown when magnesium ions aie the activatore of 
desoxyribonuclease (Table VI) Wlien manganese ions aie piesent m the 
substrate, addition of citiate is ineffective (Table VII) 

Pioiein B — The outcome of these expeiiments can be inteipieted to mean 
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that desoxynbonucleic acid is an integral part of paramecin However, 
Laskowski el al (12, 31) have reported the isolation of a proteolytic enzyme. 



20 40 60 

MINUTES 


Fio 3 The inSuence of loas on the inactivation of parameain by deso'cyribo 
nuclease The composition of the medium in the different runs i\as as follows O, 
3 0 cc of paste made in phosphate buffer (pH 7 6, gelatin 0 25 per cent) , 1 0 cc of 
solution, 0 015 M (pH 7 6, gelatin 0 25 per cent) , 1 0 cc of buffer (pH 7 6, gelatin 
0 25 per cent) © , 3 0 cc of paste made in phosphate buffer (pH 7 6, gelatin 0 25 per 
cent), 1 0 cc of desoxyribonuclease in phosphate buffer (pH 7 6, gelatin 0 25 per cent, 
DNase, 100 y per cc ), 1 0 cc of buffer (pH 7 6, gelatin 0 25 per cent) ©, 3 0 cc of 
paste made in phosphate buffer (pH 7 6, gelatin 0 25 per cent) , 1 0 cc of deso-^yribo- 
nuclease (pH 7 6, gelatin 0 25 per cent, DNase, 100 y per cc ) , 1 0 cc of Mg++ solution, 
0 015 M (pH 7 6, gelatin 0 25 per cent) 


presumably of the chymotrypsm type, from desoxynbonuclease prepara- 
tions, prepared accoidmg to the method of McCarty (30) It could there- 
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fore be possible that the observed inactivation of paramecin by 
desoxjnibonuclease pieparations was entirely due to contamination of 
desoxjaibonuclease by a pioteolytic enzyme In older to test whether the 
obseiwed inactivation of paiamecin by desoxyiibonuclease was indeed due 
to a specific action of the enzyme, the action of protein B, the proteolytic 
enzyme obtamed from desoxyribonuclease preparations by Laskowski, was 

Table VI 

Influence of and Ctlratc on Inaclivalion of Paramecin by Desoxyribonucleasc 

Desoxynbonucleasc, MgSO^, and Na citrate were dissolved in phosphate hufTcr, 
pH 7 6 Samples were taken at the specified time intervals and diluted 1 500 hefore 
testing 1 cc of the dilution vas distributed over ten depressions containing sensi- 
tive Paramecium aurelia Dead and alTcctcd animals were counted after 48 hours 



Composition of medium 


Per cent activity 



0 mm 




Control 1 

3 0 CC paste 

2 0 “ buffer, pH 7 6 

100 0 

93 7 

91 7 

90 0 

“ 2 

3 0 “ paste 

15 “ buffer, pH 7 6 

0 5 “ Mg"*^ solution, 0 03 M 

100 0 

94 3 

92 4 

89 4 

“ 3 

3 0“ paste 

15 “ buffer, pH 7 6 

0 5“ Citrate, 01 m 

100 0 

92 5 

92 0 

88 8 

“ 4 

i 

3 0 “ paste 

1 0 “ DNase, 100 y per cc 

1 0 “ buffer, pH 7 6 

100 0 

96 0 

92 0 

91 0 

DNase -1- Mg++ 

3 0 “ paste 

1 0 “ DNase, 100 y per cc 

05 “ Mg++ solution, 0 03 M 

05 “ buffer, pH 7 6 

100 0 

23 4 

6 7 

3 3 

“ + “ -h 

citrate 

3 0 “ paste 

1 0 “ DNase, 100 y per cc 

0 5“ Mg++ solution, 0 03 M 

0 5“ citrate, 01 m 

100 0 

94 8 

91 S 

87 5 


tested It is evident from Table VIII that this enzyme, even when tested 
m concentrations 1000 times greater than those used m the desoxyribonu- 
clease experiments, does not mactivate paiamecm 

DISCUSSION 

It can be tentatively concluded from the expeiiments reported above that 
paiamecm is a desox 3 Tibonucleoprotein Inactivation of the killer princi- 
ple by pepsin and chymotiypsin indicates that a protein is an integral part 
of the parameem essential for its activity The specific mactivation by 
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Table VII 

Influence of Mn'^ and Citrate on Inactivation of Paramecin by Desoxyribonuclease 
Desoxynbonuclcasc,MnS 04 ,and Na citrate were dissolved in phosphate buffer, 
pH 7 6 Samples were taken at the specified time intervals and diluted 1 oOO before 
testing 1 cc of the dilution was distributed over ten depressions containing sensi- 
tive Paramecium aurelia Dead and affected animals were counted after 48 hours 



Composition of medium 


Per cent activity 



0 min 

20 miD 

j 40 mm 

60 mm 

Control 1 

3 0 cc paste 

2 0“ buffer, pH 7 6 

100 o 

97 5 


91 0 

“ 2 

3 0“ paste 

15 “ buffer, pH 7 6 

0 5“ Mn++ solution, 0 03 u 

100 0 

1 

95 6 

93 7 

91 7 

“ 3 

3 0 “ paste 

15 “ buffer, pH 7 6 

0 5“ citrate, 01 m 

100 0 

94 5 

92 5 

90 8 

" 4 

3 0 “ paste 

1 0 “ DNase, 100 y per cc 

10“ buffer, pH 7 6 

100 0 

94 2 

94 2 

92 0 

DNase + Mn++ 

3 0 “ paste 

1 0 “ DNase, 100 y per cc 

0 5“ Mn++ solution, 0 03 m 

0 5“ buffer, pH 7 6 

100 0 

31 0 

5 7 

3 2 

“ + “ + 
citrate 

3 0 “ paste 

1 0 “ DNase, 100 y per cc 

0 5“ Mn++ solution, 0 03 m 

0 5“ citrate, 01 m 

100 0 

31 6 

6 1. 

2 5 


Table VIII 

Action of Protein B on Crude Extracts of Paramecin 
Protein B was dissolved in phosphate buffer, pH 7 8 Samples were taken at the 
specified time intervals and diluted 1 500 before testing 1 cc of the dilution was 
distributed over ten depressions containing sensitive Paramecium aurelia Dead 
and affected animals were counted after 48 hours 



Per cent actmty 


0 mm 

20 mm 

40 mm 1 

60 mm. 

Control, pH 7 8 

100 0 

98 0 

92 0 

92 0 

Protein B, 20 mg per cc 

100 0 

97 2 

94 5 

91 0 

** 2Q It tt (t j 

100 0 j 

97 0 

88 5 

88 5 

** J it tl tt 

1 100 0 

1 1 

90 7 

87 5 

85 5 


desoxynbonuclease suggests that a desoxyribonucleic acid is also required 
for the activity It is fully reabzed that a definite conclusion as to the 
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LNZ-iML INACTIVATION OF PARAMECIN 


chemical nature of paiamecm can be i cached only after this compound has 
been isolated m the puic and active state 

Nevertheless, seveial important facts emeigc from this study The in- 
activation of paramecin by both pepsin and chymotiypsm and the fact that 
neithei papain nor tiypsin influences the activity of paramecin (the apparent 
inactivation of paramecin by trypsin is not due to proteolytic action of this 
enz 3 ane) indicate that basic ammo acids such as aiginine and tysme aie 
probably not essential foi the activity of paramecin, for both pepsin and 
chymotrypsin lequiie as gioups in the side chain of the substrate phenyl- 
alanine 01 tyiosine residues, vhile the requisite gioups foi trj’^psin are those 
of the arginme and lysine lesidues (32) 

Tlie available evidence seems to indicate the presence of a desoxjTibo- 
nucleoprotein in the endoplasm of Paramecium aurcha Bensley (33), 
Hoeii (34), and Lazarow (35) reported the isolation of a cjdoplasmic com- 
ponent, plasmosm, of the desovjTibonucleoprotem tj’-pe Their view-point 
IS not shared by Mirslcy and Polhster (36), who maintam that plasmosm is 
located largely, if not entirely, in the nucleus of the cell, it bemg a con- 
stituent of chromatin It seems to be geneially agreed that nucleic acids 
of the desoxyribose type are never legular constituents of the cjdoplasm, 
and any desoxyribonucleic acid found m cytoplasmic preparations is 
thought to be present there because the methods used for the isolation tend 
to dissolve the content of the nucleus, therebj’’ liberating desoxyribonucleic 
acid of nuclear origm (37, 38) However, Sparrow and Hammond (39) 
published evidence, based on the Feulgen leaction and on ultraviolet ad- 
sorption data, that bodies contaming desoxyribonucleic acid are piesent in 
the cytoplasm of meiotic stages of micro sporocytes from eight genera of 
plants Fuitheimore, the piesence of veiy small quantities of desoxyribo- 
nucleic acid m the cytoplasm has never been completely excluded (36-38, 
40) It then would not seem unhlmly that, m view of the extreme biological 
activity of parameem, only minute traces of this compound were present 
(41) 

Tire importance of desoxyribonucleic acid as a cellular determmant is 
well estabhshed through the work of Avery et al and McCarty (42-44) on 
the transformmg principle of Pneumococcus Amoimts as small as 0 001 y 
will transform non-encapsulated R variants of Pneumococci mto encapsu- 
lated S valiants Boivin and associates (45-47) have presented evidence 
that a desoxyribonucleic acid acts as a transfoimmg pimciple in Eschenchta 
coll, similarly changmg the antigemc type In Paramecium aurelia a 
desoxyribonucleic acid is an mtegral pait of a substance lesponsible for a 
specific lolling action Pieer (48) recently reported that Feulgen-positive 
b odies, having the physiological properties of the cytoplasmic factor k, are 
^ in the cytoplasm of loller animals Sonneborn (49) has presented 
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evidence that sensitive animals, homozygous for the gene K, can be trans- 
formed mto true killer animals bj’’ exposure to large concentrations of C3i;o- 
plasmic matenal obtamed from killer animals A suggestive working 
hjpothesis could postulate that paramecm is closely related to the cji:o- 
plasmic factor vhich then in Parameciimi aureha v\ ould hav^e a similar func- 
tion as the transformmg prmciple of Pneumococcus and Esclienchta coh 
The apparent difference between the two cases is that transformation m 
Paramecium aureha is brought about by a desoxjTibonucleoprotem, while 
desoxjTibonucleic aeid alone is capable to act as a transfonmng agent for 
Pneumococcus and E coh Howev er, it might be possible that m the latter 
case desoxyribonucleic acid acts as a prosthetic group of the transformmg 
prmciple, Pneumococci and E coh bemg able to S3Tithesize the protem 
moiety Paramecium aureha, unable to synthesize the protem part, v\ ould 
require the whole unsplit desoxynbonucleoprotem 

SXJMMAET 

Paramecm is inactivated by pepsm, chjmiotrypsm, and desoxynbo- 
nuclease, mdicatmg the presence of a protem and a desoxynbonucleic acid 
m the compound Both parts are essential for the killmg action of par- 
amecm The mactivation of paramecm by desoxynbonuclease is specifi- 
cally activated by magnesium and manganese ions The mactivation of 
paramecm bj’’ desoxjmbonuclease in the presence of magnesium ions is 
inhibited by citrate, m contrast to the mactivation by this enzyme m the 
presence of manganese ions, which is unaffected by the addition of citrate 
to the substrate The mactivmtion by desoxynbonuclease is not due to the 
presence of a cont amin ating proteolytic enzyme This enzyme, protem B, 
does not inactivate paramecm m concentrations 1000 times greater than 
that of desoxynbonuclease Lj’^sozyme, hyalmomdase, papam, and nbo- 
nuclease did not mactivate paramecm Trypsm apparently formed an 
inactive complex with paramecm, which dissociated on dilution The 
imphcations of these findmgs m relation to the cjd:oplasmic factor k are 
discussed 
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THE PREPAEATION AND PROPERTIES OF A LYSOPHOSPHO- 
LIPASE FRO]M PENICILLIUIM NOTATTBI^ 

Bt DONALD FAIRBAIHNt 

{From the Deparlment of Biochemistry, Queen’s University, Kingston, Canada) 
(Eeccived for publication, Januarj 15, 1948) 

In a pretnous communication (1) the name phospholipase was used to 
descnbe the enzyme m \anous i enoms which com erts lecithins and cepha- 
lins to lysolecithins and lysocephahns, wuth hberation of unsaturated fatty 
acids The present work describes a powerful enzjme occurrmg m Penicil- 
lium notaluvi, which acts upon tysophosphohpides to produce gtyceiyl- 
phosphoiylchohne (or glj'cerylphosphorylethanolamme), with hberation of 
saturated fattj acids This enzyme will be called lysophosphohpase Phos- 
phohpase and Ij sophosphohpase are terms sjTion3mous w ith lecithmase A 
and lecithmase B (2), respectivety 

Im estigation of the enzymatic degradation of the phosphohpides has 
met with scant success when a nima l tissues hai e served as sources of the 
lanous enzymes concerned This has not been due to absence of such 
enzymes from the tissues, for their existence has been amply proved through 
the study of autolytic processes (3, 4) In order to unprove our under- 
standmg of the phosphohpide-hydrolyzmg enzymes, it has been considered 
adiTsable to look for sources of the mdindual enzymes which would make 
possible the study of each step m the degradation process The classic 
example among such sources is, of course, the extremely actne phospho- 
lipase of venoms, previousty mentioned In 1933 Contardi and Ercoh (5) 
described a lysophosphohpase obtamed from nee bran, nee embiyms, and 
Aspergillus oryzae, whose actmty was, however, quite low Pemcilhum 
notatum has now^ been found to be an excellent source of this enzyme 
Methods have been densed for the quantitative assessment of the reaction 
and for the determination of lysophosphohpase actnity Certain prop- 
erties of the enzyme hai e also been exaimned The investigation has been 
discontinued 

EXPER^ME^TA.L 

Enzyme— Pemcilhum noialum^ was surface-cultured m 500 ml Erlen- 
mej’-er flasks, on a com steep, lactose-contaimng medium (6), for 5 to 8 daj s 

* This ivork was supported b\ a grant from the National Research Council of 
Canada 

t Present address. Institute of Parasitologi , Macdonald College, hIcGill Uni- 
'ersitj, Quebec, Canada 

' The Pcniciiltum strain used was kindl 3 supplied bj Dr G B Reed 

705 



700 


Lli bOPHOSPHOLIPASE 


at 25° The mat of abundantly spoiulating mold was then removed from 
the cultuie medium, vashed with watei, and diicd supeificially by piessmg 
gently between filtei papcis Aftci ciumbling the mat between the fingeis, 
drying was completed in vacuo ovci anliydious calcium sulfate (Dnerite) 
Each cultuie yielded moie than 1 gm of diy mold, Avhich was stoied at 4° 
until lequired 

Extracts of this material were piepared by pulveiizmg 5 gm portions, 
mixed with a little sand, adding 50 ml of distilled w'ater plus 5 drops of 
toluene, and autolyzmg foi 24 hours at 20-25° Aftci filtiation and ivash- 
ing wnth suction, the combined filtrates (60 ml ) w'ere dialyzed for 24 hours 
at 4°, with inside stiiimg, against 20 liters of lunning distilled w'ater After 
dialysis, one of two pioceduies was followed (1) The extiact was diluted 
to 75 ml and stoied at 4° undei toluene, (2) the solution, m the dialysis sac, 
was suspended m gtyceiol and concentrated to about 14 ml , after winch it 
was removed from the sac, diluted to 75 ml wuth glycerol and stored at 4° 

Aqueous extiacts lost about 80 per cent of then activity wdien stored at 
4° for 2| months Durmg the same peiiod of time glycerol preparations 
remamed fully active * The nitiogen content of the dialyzed aqueous 
extiacts varied fiom 0 280 to 0 380 mg pei ml 

Substrate — Lysophosphohpides were piepaied fiom egg yoUcs by a sim- 
plification of Thing’s pioceduie (7), in which tioublesome concentration of 
extiacts in vacuo was eliminated Aftei foimation of the lysophospho- 
lipides by incubation of 60 yolks with moccasin venom (Agkistrodon pisci- 
vonis), the leaction mixtuie (3 liters) w'-as extracted with acetone (6 litem) 
at 50°, and filtei ed rapidly while still hot The lesidue was reextracted 
twice with acetone (2 hteis) and the combmed filtrates cooled to 20° To 
this w^ere then added 90 ml of satin ated aqueous cadmium chloride solution, 
and the mixtuie was cooled to 0° The copious precipitate was filtered off 
rapidly and exti acted 5 times m a Waiing blendor wuth 300 ml poitions of 
cold acetone It was then diied in vacuo, following which lysophospho- 
lipides were isolated fiom the cadmium chloiide complex by the usual 
methods Yield, 35 gm , P 5 70 pei cent, N 2 72 pei cent, NHo-N (8) 
0 552 per cent, iodine value of constituent fat acids 4 

Lysophosphohpide sols were prepaied as lequned, usuallj’- at concentia- 
tions of 1 01 0 5 pel cent, by shalcmg wuth w'^atei oi buffer solution at 40-50° 
Such sols weie stable at 30°, but piecipitated slightly at 25° and heavily 
at 4° They w^ere chemically stable, at pH 4 0, foi a peiiod of seveial w eeks 
and aftei stoiage at 4° w^eie leadily lefoimed by gentle heating 

- As a lesult of tho consideiable stabilitj of lyaopliospholipase in solution, exten- 
sive effoits to puiify the enzyme, or to produce drj preparations, were not made It 
could be precipitated paitially from solution by saturated ammonium sulfate, b\ 
acetone, and by acid (pH 3 0), but on the basis of nitrogen content, none of these 
treatments increased the activity appreciably 
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Reaction Mixture — ^Unless otherwise specified, the reaction mixture con- 
tained 1 ml of 1 per cent Ij'sophosphohpides and 0 04 ml of enzyme, m a 
total volume of 2 2 ml All components of the final mixture were prepared 
m \ eronal-acetate buffer, pH 4 0 For the reaction, all components except 
enzjTne were mnxed m glass-stoppered test-tubes, and equihbrated for 20 
minutes m a water bath mamtamed at 30“ The enzjTne was added, and 
after 5 mmutes a 1 ml aliquot was removed into precipitation tubes as 
descnbed below 

Under these conditions, the ongmally clear solution became quite turbid, 
owmg to hberation of insoluble fatty acids, and if allowed to stand, formed 
a stiff gel Degradation of the l 3 ’-sophosphohpides vaned from 15 to 50 
per cent after 5 mmutes, dependmg upon the age of the lysophosphohpase 
used 

Quantitative Determination of Reaction — Preliminary experiments mdi- 
cated that nephelometric or nscosimetnc methods could not be apphed as 
quantitative assessments of the reaction Efforts were made, therefore, 
to separate the substrate from one or both of the reaction products It 
was found that a satisfactonly complete separation of lysophosphohpides 
and fatty acids from glyceiylphosphorylchohne^ could be made by the 
colloidal iron-magnesium sulfate method of Folch and Van Slyke (9) Lyso- 
phosphohpides in the precipitate were then determined bj' analysis for 
phosphorus 

Details of the procedure ivere as follows 1 ml ahquots of the reaction 
niixture were added to 12 ml comcal centrifuge tubes containmg 2 8 ml 
of veronal-acetate buffer, pH 9 2, plus 4 2 ml of water, and stirred unmedi- 
ately The alkahne pH of this mixtme effectively stopped the reaction 
To the tubes were then added with stimng 0 5 ml of colloidal iron (FejOj, 
5 per cent dialyzed) and 0 5 ml of half saturated magnesium sulfate solu- 
tion Addition of these acid reagents lowered the pH of the mixture to 
about 6 5 The tubes were centrifuged for 3 minutes, the supernatant 
solution contaming the GPC, decanted, and the precipitates washed with 
10 ml of 0 05 saturated magnesium sulfate solution To the centrifuged, 
washed precipitates were then added 3 ml of water, m which the precipi- 
tates were suspended by thorough stimng, and transferred bj aspiration 
to micro-Kjeldahl digestion flasks The centrifuge tubes were v ashed 
carefully with tuo 1 ml portions of sulfunc acid (86 per cent bj* volume), 
and the washmgs transferred to the digestion flasks Digestion was earned 
out bj addmg 0 200 gm of potassium sulfate-copper sulfate mixture (9 1) 
and boihng for 1 hour An acid-washed Hengar granule effectively over- 
came the tendency to bump After digestion, any precipitate present was 

’The abbreviation GPC will be used to denote the mixed esters, gbcerjlphos- 
phoryl choline and glycerylphosphoiylethanolanune 
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filtered off, and phosphoius was determined colorimetncally (10) The 
presence of iron, magnesium, coppoi , and potassium ions was without effect 
on the deteimmation 

Identical amounts of l 3 '-sophospholipides earned tlirough the entire pre- 
cipitation and digestion procedures showed a maximum variation in the 
analyses of ±1 pel cent The absolute amounts of phosphorus recovered 
in the piecipitate, howevei, varied from 97 to 98 per cent of those found 
by diiect analj'^sis of lysophospholipides Theie was, thus, a constant 
error of 3 per cent in the piecipitation method No correction was made 
for this loss 

In ordei to test the completeness with which lysophospholipide phos- 
phorus and GPC phosphorus could be separated, varjung amounts of the 


Table I 

Separation of Lysophospholipide Phosphorus from GPC Phosphorus 


P found* 

1 

GPC P added 

GPC P ns per cent 
of total P 

Recovery of 
IjsophosphoLpide P 

mg 

mg 


per cent 

0 270 

0 


97 5 

0 272 

0 OlOC 

3 7 

98 2 

0 272 

0 0212 

7 1 

98 2 

0 270 

0 0530 

16 0 

97 6 

0 270 

0 106 

1 27 7 

1 97 6 

0 270 

0 212 

43 4 

97 5 


* Lysophospholipide P by direct analj'-sis (without precipitation bj iron-magne- 
sium mivture} = 0 277 mg All values arc averages of duplicate samples 


latter^ weie added to a constant amount of Ij’^sophosphohpides, foUow^ing 
which the piecipitation piocedure was applied As shown m Table I, the 
separation was complete 

The extent of the enzymatic reaction was calculated bji comparison wnth 
the precipitated lysophospholipide phosphoius fiom a control tube Smee, 
in expel imental tubes, the enzyme itself con tamed a small amount of pre- 
cipitable phosphorus, an appropiiate coi recti on was made 
Under the conditions prescribed, addition of iion-magnesium to the pie- 
cipitation tubes containing alkalme reaction mixture could be delaj'^ed 15 
minutes, and after this addition the tubes could stand for at least 60 mmutes 
before tiansfer of their contents to digestion flasks In this way, it was 
possible to make twenty or more determmations in a smgle experiment 
Inorganic phosphate, if piesent, appeared m the precipitate with lyso- 

^ A sample of pure racemic a-glycerylphosphoryl choline was kindly supplied by 
Dr Erich Baer 
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phospholipides Glycerophosphate ^vas partially precipitated Thus, the 
method w as ^ ahd only m the nrtual absence of enzjunes hberatmg choline 
or inorganic phosphate, or both, from GPC It as possible to show that 
the enzjTne preparation used libeiated appreciable amounts of inorgamc 
phosphate in the reaction muxture, at pH 4 0, onlj’- when present m high 
concentration (10 to 100 times the concentration ordmanly used) and over 
a prolonged tune (4 to 8 hours) Similaily, m mixtures containmg 5 times 



Fig 1 Direct proportionality between first order constants (/ ) and Ijsophospho- 
lipase concentration, during the initial stages of reaction The first point on the 
curve represents 7 per cent hydroljsis, the last point 53 per cent Reaction tune, 
5 minutes 

the usual concentration of enzyme, mcubated for 60 mmutes, no free chohne 
tvas detennmable by the sensitive remeckate method Under the condi- 
tioas specified, therefore, the only reaction occurring to a sigmficant extent 
TOs the conversion of l 5 ^sophosphohpides to GPC and fatty acids 
Measurement of Activity — Durmg the imtial stages of the reaction the 
decrease in l 3 ^ophosphohpide phosphorus, m a given time, v as not direct!}' 
proportional to enzyme concentration Under certam conditions, howevei , 
a first order reaction was simulated, the appropnate constant {L) being 
proportional to enzyme concentration over a considerable range (Fig 1) 
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These conditions weie (1) a leaction tcmpeuituie of 30° (2) a reaction time 
of 15 minutes oi less, (3) a pei cent leaction less than 10 

Suhsiiatc Specificity — Repeated attempts ucie made to seouie a reaction 
betu cen lysophosphohpasc and lecithins oi cephalins, all of them unsuccess- 
ful The followiiifi phospliohpidc picpaiations wcic used egg yolk and 
biain''’ lecithins puiified accoiding to Pangboin (11), iDetiolcum ether-soluble 
egg yolk phosphohpides (lecithins and cephalins), and the acetone-insoluble 
fiaction of a commcicial soy bean lecithin With ciuantities of enzyme 
which extensively decomposed ly•^ophosphohJ)Idcs (00 to 70 pci cent) within 
10 minutes, no action on lecithins was oliscived even aftei 1 houi 

Since the lysophosphohpidcs in loutinc use as substiatc foi the enzyme 
contained 20 3 pei cent of then total mtiogen as amino mtiogen, it w'as of 
mteicst to discovei w'hethei lysocephahns w'cie icaclnc Tn the absence 
of a method foi obtaining puic lysocephahns, an iiuliiect appioach to the 
pioblem wms made 192 mg of lysophospholipides (containing 1 11 mg 
of ammo mtrogen) w'cie incubated foi 1 houi with excess cnzjme, at which 
time the leaction wms 84 pci cent complete Mtei sepaiation of the residual 
l 3 '-sophosphohpidcs bj'- the usual method, the GPC-contammg solution was 
diied tn vacuo, and analyzed foi ethanolammc mtiogen (12) 0 573 mg 

of ethanolammc mtiogen w^as found, coiiespondmg to 52 pei cent of the 
total ammo mtiogen available foi leaction Lysophosphohpase, thciefore, 
acted upon Ij^soccphahns as well <is upon Ijcsolocithms Seime mtiogen (12) 
^Yas not piesent m the substiatc, and the enzyme itself contained neither 
ethanolammc noi seimc nitrogen 

pH Oplinum — The activity of tysophospliolipasc wms dctcimmcd at 
hydiogen ion concenti ations vaijung fiom pll 2 88 to 6 43 The \eional- 
acetate buffei used exhibits constant lomc stiength ovei this lange (13) 
Sufficient enzyme was added to pioduce 31 pei cent leaction at the most 
favoiable hydiogen ion concent lation Fiom the results (Fig 2) it is seen 
that the optimum acidity foi the leaction wms lathei shaiplj’- defined in the 
pH lange 3 8 to 4 4 Contaidi and Eicoh (5) found an optimum at pH 3 5 
for the coi responding enzj'-mc fiom Aspeigilhis oujzac 

Heat Siabihty — ^Fig 3 contains a gioup of cuives illustiating the resistance 
of lysophosphohpase to various tempeiatuies and hydiogen ion concentra- 
tions In establishing these curves, solutions containing 0 6 ml of enzjmie 
extract per ml , at varying hydiogen ion concentrations, were heated at a 
given temperature (41°, 50°, oi 61°) for a given time (15 oi 30 minutes) 
The solutions were then cooled quickly, and then activity measured and 
compared with untreated enzyme It is evident from the figure that the 
lysophosphohpase exhibited a maximum heat stability near pH 4 5 and 

^ The bram lecithin was a pi eparation kindly made available by Dr R G Sinclair 
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Tvas rapidly inactivated at a pH greater than 7 0, at temperatures of 41° 
or higher 

Adnalion and Inhibihon — In general, Ij sophosphobpase vas resistant 
to most of the common enzjune mhibitore, and no actn ator vas discovered 



Fig 2 pH-actmty curve for Ijsophosphohpase 



Fig 3 Stability of lysophosphobpase to heat and hydrogen ion concentration 
Per cent inactivation = 100 (1 — {h (treated)// (control)) 

Cyamde was the most effective inhibitor among those tested (Table II), 
a 0 01 ji concentration suppressmg the reaction almost completelj’’ Silv er 
and copper ions were less effective Calcium, magnesium, and cobalt ions 
did not inhibit the reaction, nor did sodium azide, cysteme, h5 drogen sulfide, 
or hydrogen peroxide The enzyme solution was slowly mactivated, pre- 
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sumably by suiface denatuiation, when an oi nitiogen A\as bubbled through 
it 

As products of the leaction, GPC and fatty acids might be considered 
as mhibitois, since the leaction in the picsence of the usual concentration 
of enzj’^me pioceeded only to 60 to 70 pci cent completion Palmitic and 
Imoleic acids (the laltci a liquid acid not actually occuiiing in the sub- 
stiate), added to the icaction mixtuic m amounts appioximating their ma\- 
irnum conccnlialion m the substiatc, slightly inhibited the icaction GPC, 
on the othoi hand, e\ci f cd no effect Quite possibly the icaction as effec- 
tively SLippiesscd befoie a chemical cquihbiium was leached, as a result of 


Tahit II 


Inhihihon of Lijsophosphohpasc* 


Inlubitor 



Inliibitor 

Concentration 

Inhibition 

1 

I Piole per 1 | 

j per cent 


mole per 1 

per cent 

Palmitic acid 

0 0094 

: IS 

AgNOi 

0 01 

48 


0 00094 

4 


1 0 002 

13 

Linoloic acid 

' 0 00S9 

11 

1 ' 

1 0 001 

8 


0 000S9 

G 1 


0 0001 

4 

GPC 

0 0097 

2 

i KCN 

0 01 

97 


0 00097 

0 

1 

0 001 

87 

CuSOi 

0 05 

61 

1 

0 0002 

48 


0 005 

36 ' 


0 0001 

12 


0 0001 

21 


0 00002 

0 


* Copper, silver, and cj^mide ions were incubated with lysophospbolipase for 30 
minutes at 30° before addition to the substrate During this time their con- 
centration was 11 times that indicated in the table 


the gel foimation Avhich occuiied aftei some 60 pei cent of the l 3 ’-sophospho- 
lipides were decomposed 

Fiancioh (14) lepoited the complete inhibition b}’’ physostigmme chloiide 
of a compaiable enzjmie found in wasp venom In oui experiments physo- 
stigmine sulfate did not inhibit m a concentiation as high as 1 0 mg per ml , 
Avhich Avas some 50 times greatei than the concentiation emploj’-ed by 
Francioh Since neithei physosligmine chloiide noi AA’^asp venom AA-^as 
available to us foi diiect test, no explanation of this discrepancy m lesults 
can be advanced 


DISCUSSION 

The name lysophospbolipase implies a certain specificity of the enzyme 
foi lysophosphohpides Contardi and Eicoh (5) and Fiancioh (14), after 
exammmg the corresponding enz 3 Tne derived from nee bran and embryos. 
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Aspergillus, and wasp venom, concluded that phosphohpides also ser\’-ed as 
substrate The former workers, honever, did not demonstrate m their 
preparations the absence of a true phosphohpase The results of Francioh, 
on the other hand, were based upon evidence acquired through the use of 
ph}'S05tigmme as a Ij^sophosphohpase inhibitor Our preparations, vhich 
were many tunes more active than those hitherto descnbed, were completely 
inactive w ith respect to lecithins and cephahns, nor v as it possible to dem- 
onstrate any inhibition of the reaction by physostigmme Lysophospho- 
bpase from Pcnicilhum may be regarded, therefore, as bemg specific for 
lysophosphohpides 

Failure of Penicillium extracts to hberate morganic phosphate from 
lysophosphohpides or GPC was due not to lack of the acid phosphatase 
abundantly present m molds, but to a deficiency of GPCase, without which 
glycerophosphate could not be formed Extracts of Aspergillus oryzae, 
prepared in the laboratorj' or obtamed commercially,® contamed consider- 
able GPCase 

The Ij'sophosphohpase preparation used was relatively pure, t e , free of 
dialyzable substances, and low m mtrogen content Each reaction tube, 
as ordmanly prepared, contamed only 0 010 to 0 016 mg of nitrogen added 
as enzyme Efforts directed towards further purification of lysophospho- 
hpase should be rewarding 


SUMJIAKT 

Ljsophosphohpase, a highly active enzyme specific m its action for Ij'so- 
phospholipides, was prepared from Pentcilhum noialum The products of 
the reaction were saturated fatty acids and glycerylphosphorylchohne or 
glycerjdphosphorylethanolamine (GPC) 

Quantitative methods for determmmg the extent of the reaction were 
based upon the separation of residual lysophosphohpides and hberated fatty 
acids from GPC by precipitation of the former with colloidal iron-magne- 
siiun sulfate mixture 

Lysophosphohpase activity was determmed, under prescnbed conditions, 
by evaluation of the first order reaction constant 
The enzjme w as readily inactivated by heat at a shghtly alkalme reac- 
tion, by cyamde, and, less readily, by heavy metal ions No activator was 
discovered Optimum activity was at pH 4 0 


Grateful acluiow ledgment is made to Miss Kathenne Justus for many 
of the analyses, and to Miss Eve Mmovitch for the determinations of 
ethanolamine and senne mtrogen 


Jersey 


courtesy of Mr F F Taylor, Takanune Laboratory, Inc 


Clifton, ICeiv 



714 


LYSOPHOSPHOLIPASE 


BIBLIOGRAPHY 

1 Faiibairn, D , J Biol Chcm , 167, 633 (1945) 

2 Ercoli, A , in Nord, F F , and Wcidcnhagcn, R , Handbuch der Enzyraologie, 

Leipzig, 1, 480 (1940) 

3 Artom, C , Bull Soc chiin hiol , 7, 1099 (1925). 

4 Fairbairn, D , J Biol. Chcm , 167, 645 (1945) 

5 Contardi, A , and Ercoli, A , Biochcm Z , 2B1, 275 (1933) 

6 Raper, K B , Alexander, D F , and Coghill, R D , / Bad , 48, 639 (1944) 

7 lung, E J , and Dolan, M , Biochcm J , 27, 403 (1933) 

S Cliargaff, E , and Cohen, S S , J Biol Chcm , 129, 019 (1939) 

9 Folch, J , and Van Slyke, D D , Proc Soc Exp Biol and Med , 41, 614 (1939) 

10 Fisko, C H , and Subbarow, Y , 7 Biol Chcm , 66, 376 (1925) 

11 Pangboin, M C , / Biol Chcm , 137, 5‘15 (1941) 

12 Artom, C , J Biol Chcm , 167, 685 (1945) 

13 ]\4ichaeli8, L , Biochcm Z , 234, 139 (1931) 

14 Francioli, M , Enzymologta, 3, 204 (1937) 



DETERMINATION OF PROTEIN-BOUND IODINE* 

By S B BARKER 

(From the Department of Physiology, State University of Iowa, Iowa City) 
(Receucd for publication, October 7, 1947) 

The grotving interest m chemical evaluation of thyroid function by 
use of the plasma let el of protem-bound lodme (PI) is attested by the 
increasing numbers of reports m vhich this criterion is emplo 3 ’’ed, both 
chemically and experimentally However, the specific techmques aiaila- 
ble for such a determination do not yet seem sufficiently rehable The 
purpose of this communication is to descnbe a procedure evolved m this 
laboratorj'- which is consistent and sensitive in our hands 

The complete determmation of plasma PI involves four distmct steps 
(1) precipitation and washmg of the plasma protems, (2) digestion of the 
protem, leavmg the PI m inorganic form, (3) distillation of the morgamc 
iodide, (4) actual determmation of the morgamc iodide The shortened 
technique of Salter (4), in which a dr^”^ ashmg wnth NaOH and NajCOs 
Mas used to eliminate the need for distillation, has not proved satisfactory 
in our experience, and no other short cuts hax e been proposed 

In 1940, Chaney (1) descnbed an ail-glass still for use with a chromic- 
sulfunc acid digestion mixture, iodide catal 5 "sis of the reduction of cenc 
ions by arsenious acid was employed for the ultimate colonmetnc determi- 
nation of lodme Although other workers have adopted the Chaney 
still (7), the highly sensitive cenc-arsenious catalysis method was generally 
avoided until Tauiog and Chaikoff reported an entire procedure for plasma 
lodme (8) The iodide catalysis reaction had been extensively studied m 
1937 by Sandell and Kolthoff (5), who demonstrated a marked enhance- 
nient of the iodide effect bj”^ the presence of a relative^ high concentration ' 
of chlonde We have found that the use of clilonde m optimum con- 
centration improves the sensitivity 30 to 80 per cent wnth no sacnfice m 
reproducibihty None of the recently reported techmques has taken 
advantage of this appreciable mcrease in sensitmty 

EXPERIfilENTAL 

Reagents — 

RislUled water Although m the past it has been widely reported neces- 
saiy to take the extraordmary precautions of freshly distillmg the water 
rom alkah, we have found it qmte satisfactory merely to redistd once 

Aided by a grant from the Umted States Public Health Service 
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distilled watei m an all-glass still Since this is a low iodine region, the 
deficiency of iodine in the water may facilitate this Fuitheimoie, water 
so prepaied and stoied in a stoppered Pyre\ flask foi as long as 2 months 
at summei tempei atures did not show an}'- change fiom its extremely low 
iodine content or any effect on the lecoveiy of iodide quantitatively added 
to it All other reagents aie made up in the double distilled water 
Somogyz piecipitalzng reagents (6) The acid zinc sulfate solution 
contains 12 5 gm of ZnSO^ 7H2O and 125 ml of 0 25 n II2SO4 per liter 
NaOH IS made up to 30 gm pei liter, and the two solutions are balanced 
until 50 ml of the acid zinc sulfate require beti\een G 7 and G 8 ml of the 
aUcali to show a peimanent pink to phcnolphthalein A blank must be 
run on these reagents, carried through the cashing procedures to be de- 
scribed 

Sulfuric acid solutions 70 pei cent by -w eight 780 ml of concentiated 
sulfuric acid, special. As- and N-free, are slowly added, with cooling, to 
600 ml of water in a 2 liter Pyrex flask Thorough mixing should then 
be earned out 

1 0 N 28 ml of concentrated acid are carefully added to 900 ml of w ater, 
and the solution cooled and made to 1 liter 
Chromic oxide GOO gm are dissolved m wmter, and made to 1 liter 
This mateiial has often been found to be contaminated, we have tested 
seveial batches of technical grade CrOj and found some to be verj'- low m 
iodine These particular samples aie far less expensne than the high 
purity material, w'hich is equally apt to be contaminated 
Sodium sulfite A 10 pei cent solution is used, which is made up fresh 
foi each series of distillations by dissolving 2 gm in 20 ml of -w atei 
Phosphorous acid, 60 per cent 250 gm are dissoh ed in about 200 ml of 
water and made to 500 ml If necessary the solution can be freed of 
iodine by boiling for J houi (ivith fiequent addition of watei), when cool, it 
IS made to 500 ml We have used the reagent fi om Fishei w ithout boiling 
Aisenious acid 3 71 gm of AS2O3 are dissolved m 50 ml of n NaOH 
xvith stiirmg 200 ml of w’-atei aie added and the solution neutralized 
with H2SO4 (lequiring about 2 5 ml of the 70 pei cent solution) Then 
54 ml of the 70 per cent H2SO4 are added, and the solution made to 500 ml 
3 125 gm of lodide-free NaCl aie dissolved m the 500 ml of leagent to 
avoid the need of another solution 

Cenc sulfate 12 gm of ceric ammonium sulfate (G Fredeiick Smith) 
are stirred into 500 ml of 3 5 n H2SO4 This w ill be turbid at first, clearing 
up within 5 hour upon occasional stirring 
Iodide standards Pure Nal is carefully dried in a desiccatoi , 118 1 mg 
are then dissolved and diluted to 1 liter This stock solution contains 
100 7 of I per ml , and must be appropriately diluted to yield the 0 005 
to 0 100 7 of I desired as standards 
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Special Apparatus — ^The Riggs modification of the Chane}’’ still was 
emploj’^ed as described by Talbot ct al {(7) p 481) except that a 250 ml 
flask -was substituted for the 500 ml flask AU grease i\as cleaned from 
both stop-cocks, and Mater ivas used as the only lubricant Care must 
be taken to prevent freezing of the stop-cocks due to drjung 

Procedure 

This section falls logically mto the four categones mentioned earher 

1 Protein Precipitation and Washing — 2 ml of oxalated or heparimzed 
plasma are precipitated by Somogju’s zmc sulfate reagent m a 50 ml 
round bottom centrifuge tube After a 10 minute penod of centrifugmg, 
the supernatant is poured off, and the precipitate m ashed free of morgamc 
iodide by four successive m ashings each mth 25 ml of lodme-free distilled 
Mater After the last washing and centrifuging, the protein is dissolved 
m 5 ml of 70 per cent HiSOi and transferred to the digestion flask Four 
further 5 ml portions of acid and one final 5 ml portion of water are 
employed to insure complete transfer 

2 Digestion — 3 ml of 60 per cent CrOj are added, plus a few glass beads, 
carborundum particles, or other antibumpmg agent The digestion is 
earned out over a small flame until sulfunc acid fumes appear The flask 
is allowed to cool, 15 ml of wmter are added, and the digestion repeated 

3 Distillation — 25 ml of water and a few fresh beads are added and the 
chromic acid crystals dissolved by rotation just before distilhng m -order 
to make use of the heat generated by dilution The flask is attached to 
the still and a micro burner flame placed beneath Enough w ater is added 
through the upper opemng of the trap to fill the region of attachment of the 
stop-cock, and then 0 5 ml of a 10 per cent NasSOj solution is allowed to 
dram down the walls of the bulge above the trap Most of this will collect 
m the low portion of the trap, and soon after the distillation of watei vapor 
has begun, condensation results m the trap being completely closed w ith 
fluid 

The water-cooled condenser is connected and 5 ml of 50 per cent H3PO3 
are placed in the droppmg funnel after it has been inserted mto the free 
opening m the flask All ground glass joints are lubneated with water 
before being assembled After boihng has continued until water vapor 
has entered the condenser and has started to dnp mto the return tube, the 
H3PO3 IS slowly blown into the flask by gentle pressure The distillation 
IS contmued for 10 mmutes after reduction is completed To terminate 
the distillation, the flame is turned off and the trap is immediatelj" dramed 
into a 22 X 175 mm test-tube calibrated at 25 ml The condenser is 
raised clear and the walls of the trap rinsed down with five successu e 2 5 ml 
quantities of water, each w ashing being added to the distillate in the test- 
tube 
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1 ml of N H2SO4 IS added lo each combined distillate and A^ashlngs 
The icsultmg sulfuious acid is decomposed and SO2 blonm off by aeiation at 
about 2 5 liteis pei minute uhile the tube is m boiling uatei The tube 
IS then cooled, the volume made to the 25 ml maik, and the solution 
thoroughly mi\ed 

lir Colonmclnc Delenmnahon of Iodide — o ml aliquots aie pipetted 
fiom the 25 ml total volume into Klett-Summerson coloiimctci tubes 
0 4 ml of aisenious acid is added, and the tubes aic placed in a natci bath 
acciuately legulated to 37° Two tubes containing 5 0 ml of vatei and 
0 4 ml of aisenious acid should be loiitinelj" used foi blank determinations 
in each senes of twenty Cciic ammonium sulfate is next added, but 
this must be done on a definite time schedule, since only one measurement 
IS to be made of a late of icaction Incubation foi the ccnc sulfate-ar- 
senious acid icaction is caiiicd out foi 15 minutes, and t of a minute is 
allowed foi each tube to be lead m the coloiimetci At zeio time, 0 5 ml 
of the ceiic ammonium sulfate solution is added to the fiist tube, the 
contents aie quickly mixed, and the tube icplaccd m the water bath 
A 45 second mteival is allowed, and then the pioccdurc is lepcated for 
the lest of the tubes Thus, a maximum of twenty individual tubes or 
ten duplicate detei-minations can be handled in one senes 15 minutes 
after addition of the ceiic solution to the fiist tube, it is remoied from 
the bath, the outside quickly wiped clean and di} , and a leading obtained 
m the photoelectiic coloiimetcr with No 42 blue filtei The same 45 
second inteival should be ample foi making each leading 

Because of the necessity for iigid adheience to a time schedule, pei- 
formance must be checked at the stait bj’’ including standards in each senes 
of deteiminations Once the loutine has been thoioughly established, it is 
adequate to lun onlj'- one set of standaids, ranging fiom 0 01 to 0 10 7, as 
part of one series each time seveial sets of determinations aie being pei- 
formed 

The standaid curve can be considered stiaight over only a lestncted 
portion, and iodine values aie best judged fiom an actual plot of lefeience 
values (Fig 1) Blank values should be established for each new batch 
of reagents, and should be lepeated occasionall3'’ as a check on contami- 
nation After the blank has been deducted, calculations from these imlues 
should include the factoi of 5 to covei the aliquot of 5 ml out of the 25 ml 
total volume and a factoi of 50 to expiess the plasma PI m terms of micro- 
grams per 100 ml of plasma 

Comments and Precautions 

1 Protein Precipitation and Washing ' — Somogyds zinc piecipitation 
piocedure as described has been found by far the most convenient Heat 
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coagulation m a eaklj acid medium is satisfactory’-, but requires constant 
attention Tnchloroacetic acid has been found unsatisfactory, at least 
partly becau=e of the large amount of additional orgamc matter requmng 
digestion 

The precipitation technique has been applied successfully to tissues 
other than plasma by^ usmg the Potter homogemzer (3) 500 mg of In er, 

kidney , heart, or skeletal muscle are homogenized m 8 ml of the acid zmc 
sulfate reagent Tins is poured mto a 50 ml centrifuge tube, followed by 
four nnsmgs of the grinder, each n ith 4 ml of the reagent 0 75xXaOHis 
carefully stirred m, to a permanent pink mth phenol red (about 3 ml are 
required) When a normal thyroid gland is to be analy zed, it is homo- 
genized m ^\ater or dilute HiSO^, the total \olume of suspension plus 
rinsings hemg 100 ml 1 ml of the thoroughly mixed suspension is taken 
as an ahquot and is added to 2 ml of dog plasma stock m a 50 ml centrifuge 
tube The Somogyu zmc precipitation is earned out as usual, followed by^ 
the four ivashmgs In this case, the PI i alue of the dog plasma must be 
determined and deducted, together mth the reagent blank value 

The four vashmgs desenbed ha\e been found adequate to ehmmate 
99 92 per cent of 1000 7 of morgamc iodide added per 100 ml of plasma 
and thus should offer ample routme protection With the same procedure 
5 7 per cent of added thyr-o-une lodme are retamed completely by' the 
precipitate, and 5 7 per cent of added chiodotyTosme lodme are retamed 
to 75 per cent of completion This curious situation has prenously been 
noted by Man and con orkers (2) 

2 Bigeslton — ^The amount of chromic acid has been mcreased over 
that recommended by Taurog and Chaikoff m order to insure an adequate 
excess for hpemic plasmas as veil as for protems of other tissues Po- 
tassium or sodium dichromate can be used as veil as chromic acid, but 
they are so much less soluble that the amount to be added vould need 
to be used in solid form Care should be taken that the second digestion 
IS not prolonged beymnd the stage of definite appearance of fumes, smee 
excessne heating often results in considerable loss of the iodine present 

3 Bislillalion — In this laboratory' the digestion of orgamc material 
lias usually' been carried out m ordinary' 250 or 300 ml Pywex Florence 
flasks so that many' detenmnations could be earned out vithout the 
expense entailed in an equal number of the special flasks used on the dis- 
tillation apparatus The pnncipal mconxemence resulting from this 
economy is the msertion of an extra transfer from digestion flask to dis- 
tillation flask by means of the 25 ml of water, used m 5 ml portions 

10 per cent sodium sulfite is used as the absorbmg solution m the trap 
as a sunple substitute for the NajCOs-NaHSOs combmation utilized by 
Talbot el al Results m this laboratory with NaOH alone, as proposed by' 
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Tauiog and Chaikoff, have shown unifoimly unsatisfactoiy recoveries, of 
the 01 del of 0 to 10 pei cent The need foi a i educing solution suggests 
that the volatile iodide may actually be iodine, instead of HI 

The duiation of the distillation period is a compromise between the 
desne foi a 100 pei cent lecoveiy and foi as shoit a reaction time as possible 
In one senes of deteiminations, the iccovcnes of 0 10 7 of moiganic iodide 
added to digests of dog plasma veie found to be as follows for vanous 
times 5 minutes, 56 per cent, 7^ minutes, 78 per cent, 10 minutes, 85 per 
cent, 12 5 minutes, 89 pei cent, 15 minutes, 92 per cent At that rate, 
about 25 to 30 minutes would be lequiied for a 98 to 100 per cent complete 
distillation Since othei senes with 0 05 to 0 25 7 of I have sliovn 87 to 95 
per cent recovenes m 10 minutes, this tune has been selected A correction 
factor covenng the 5 to 15 pei cent loss may be mtioduccd if desired 

Although the sodium sulfite has been found essential, as noted earlier, 
it must be decomposed to SO2 b}' acid and this blown off in order not 
to cause a complete and non-specific decolorization of the ceric solution 
latei Compiessed air has been used, since the substitution of N; did 
not alter the results A simple and effective set-up consists of a four or si\ 
outlet manifold, with finely diawn out glass tubing vliich 1 caches nearly 
to the bottom of each tube The tubes specified aic long enough so that 
vigoious bubbling can be accommodated A screw clamp control should 
be provided for each nozzle to prevent excessive air cui rents This aeration 
step also results in some volatilization of vater, so that the level m each 
tube should be less than 25 ml even after adequate rinsing of the fine 
glass tubes Thus, ample allowance is made for the addition of vater 
to a consistent final volume 

4 Colonmelnc Determination of Iodide — This part of the determination 
IS the one most apt to present difficulties, owung to the need foi rigorous 
contiol of neaily every phase However, with the requisite amount of 
care, highly dependable results can be obtained, as is shovui by Fig 1 

Time must be controlled to a far greater extent than is usual with colori- 
metric procedures, inasmuch as differmg rates of a reaction eventuall}’’ 
proceeding to completion are involved Those who have previously used 
the ceiic suKate-aisenious acid reaction have taken two, and often more, 
readings m ordei to establish definitely the rate of decoloiization How- 
ever, in the inteiests of simplification, it has seemed desiiable to acknowl- 
edge the arbitrariness of all colorimetric procedures and to make onty a 
single routine reading at 15 minutes This should be supplemented by a 
30 mmute leading whenevei the first reading shows a decoloiization 
amountmg to less than 40 units on the IClett-Summerson coloiimeter 
(yielded by 0 005 7 of I) if one desires the most accuiate lesults possible 
m the lower range of iodide values 
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Since accurate temperature control is also necessary durmg the incu- 
bation, it has been found com enient to employ a test-tube rack of ap- 
propnate size suspended from hooks hung on the opposite sides of a constant 
temperature iiater bath maintained at 37° Although this i\as done to 
avoid the nuisance of continuallj’^ resettmg the theiinoregulatoi, any 
temperature in the region of 30-40° is satisfactorj’', provided it is regulated 
\nthm ±0 1° 

The cenc ammonium sulfate solution is measured vnth the greatest 
possible accuracy, since it contnbutes the initial amount of coloi The 0 5 
ml reqmred is delivered from a fine tipped, small orifice pipette, between 
two marks There is little need for accurate standardization of the so- 
lution from an oxidation-reduction standpomt, because each nev stock 

Table I 

Effect of Sodium Chloride on Iodide Catalysis of Ceric Sulfate Decolorization 


NaCl mg 


Iodine 

00 

1 0 

2 0 

30 


Colorimeter 

reading 



Colorimeter 

reading 

Increase* 

Colorimeter 

reading 

Increase* 

7 

0 

490 

488 

per cent 

486 

per cent 

485 

per cent 

0 010 

445 

422 

55 

410 

82 

411 

82 

0 025 

359 

319 

35 

304 

47 

303 

47 

0 050 

241 

199 

23 

184 

34 

174 

35 

0 100 

86 

50 

27 

43 

31 

43 

31 


* This IV as calculated on the basis of the iodine values of the colorimeter readings 
vnthout NaCl 


Will require that a blank be established and that the iodine effect be stand- 
ardized 

The 45 second mterval between tubes has proved the most valuable, 30 
seconds bemg too short an allowance for aU colorimeter readmgs to be 
taken and 60 seconds unnecessarily long One control blank m dupheate 
plus nme determmations m dupheate on distillates (twenty tubes m all) 
can thus be handled successfully in each series The photoelectric colori- 
meter to be used should be adequately tested for adjustment immediately 
before one starts the addition of ceric sulfate 

Table I shows the considerable enhancement of the iodide catalj’^sis 
caused bj’^ the inclusion of 1 to 3 mg of sodium chloride per tube The 
maximum effect appears to be exerted on the smaller amounts of iodide, 
bemg as great as 82 per cent wnth 0 010 y of lodme Quite satisfactory, 
^producible results can thus be obtained with 0 005 7 of I That contami- 
uation of the salt wuth iodide is not ginng a spurious “catal3 sis” is endent 
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fiom inspection of the data in Table I the lilank values on the leagents 
show onty a slight e\tia clecoloiization iMth inci eased amounts of chloride, 
the lesults with 2 0 and vith 3 0 mg of added NaCl aie essentially the 
same 

Rcsulls 

Although the slandaidization of the lodidc-catalvzed msemous acid 
decoloiization of the yello\\ eeiic solution lequiies the oxtiaoidinai} 

COLOn/MCTffl 

REhDINC 



Fig 1 Relationship between the Klctt-Suninierson colorimeter reading and 
standard amounts of iodine The incubation time is indicated on each cun e as 15 oi 
30 mmutes 

precautions alreadj'- discussed, lemaikablj'^ consistent lesults aie obtained 
when these piccautions aie sciupulously obseivcd Fig 1 shovs the mean 
and the ma\imuni deviation fiom the mean of points on a cahbiation 
ciuve, ten duplicate deteiminations A\eie peifoimed on each point ovei a 
period of 3 months Fiom the 30 minute curve m Fig 1 it can be seen 
that lehable lesults have even been obtained with 0 005 y of iodide undei 
these ciicumstances 

In 01 del to test the application of this sensitive analytical pioceduie 
to biological mateiial, aliquots of diatyzed, pooled dog plasma v ere analyzed 
as such and after the addition of amounts of iodide, thyiovme, oi diiodo- 
tyrosme ranging fiom 0 05 to 0 50 7 (as I) Table II shows that recoveiies 
were 87 to 95 per cent complete when the addition was made before dis- 
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tillation ^\as carried out, whereas they were 98 to 101 per cent when iodide 
i\as added to the distillate These findings strongly indicate some loss of 
iodide during distillation, probablj- due to the arbitraiy termmation of 

Table II 


Recoicnj of Iodine from. Compounds Added lo Dog Plasma 


Substance added 

Added amount 

Amount rcco\ cred* 

Xal, before digestion 

y 

0 10 

t 

0 OSS 

[ per cent 

SS 0 

« H tl 

0 25 

0 226 

1 90 4 

Thvrovine, before digestion 

0 10 

0 003 

! 93 0 

« C( it 

0 20 

0 181 

00 5 

Diiodotjrosine, before digestion 

0 10 

0 090 

90 0 

Nal, after digestion 

0 05 

0 045 

90 0 

(< l( 

0 10 

0 092 

92 0 

** l< 

0 25 

0 217 

86 8 

If if ff 

0 50 

0 439 

87 8 

KlOa, “ “ 

0 10 

0 085 

85 0 

Cl (< (( 

0 25 

0 236 

94 4 

Jfal, “ distillation 

0 10 

0 101 

101 0 

« Cl fC 

0 25 

0 244 

97 6 


* All figures are the a\crages of at least four duplicate determinations 


Table III 

Prolein-Bound Iodine in Tissues of Various Species 


Species 1 

Tissue 

1 

No of animals 

' Protein bound iodine 

Rat, normal 

Blood plasma 

! 

28 1 

7 per 100 ml 

4 2 ± 0 4* 

“ on thiouracil j 

f < ii 

23 

1 1 i 0 2 

“ “ thjTOvine j 

(t it 

15 1 

18 0 ± 1 0 

bog, normal 

tf €t 

8 

2 3 1 

Human, normal j 

Cl <1 

6 i 

7 5 • 

Rat, normal 

Thyroid 

7 1 

23 3t 

If i 

Liver 

2 

30 6 

Cl I 

Kidnej 

2 1 

35 5 

fC 

Heart 

2 1 

I 26 6 

1C 

Skeletal muscle 

2 

26 7 


* Standard deviation 

t ^Iicrograms of PI in the entire thyroid gland (10 to 20 mg ) 


this step at 10 minutes As previously mentioned, it was not thought 
worth while to continue the distillation to the pomt of a more complete 
recovey In this laboratorj^, a 10 per cent correction is routine^' made 
Another fact which should be pomted out is the poor recov^erv of m- 
organic iodide in the absence of organic material to be digested Re- 
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coveries undei such cncumsiances lange from 70 to 85 per cent Taurog 
and Chaikoff also noted this, and lepoitcd the use of lodme-fiee wheat 
as an oiganic caiiiei In this laboiatoiy we ha\e found dialyzed dog 
seium much more convenient, it can be stoied in tlic fiozen condition for 
long peiiods of time oi it can be lyophihzed and rcdissolved when needed 
The iodine values aie low and remain stable over long peiiods of storage 
m the fiozen or dried state 

Studies on the various solutions obtained at different stages of the 
pioceduie have revealed une\pected keeping qualities, provided bacterial 
contamination does not occur Plasmas and final distillates have been 
kept in the lefiigeratoi wuthout piesen ative for as long as 3 months without 
a detectable loss of iodide Simple w^ater solutions of Nal containing 
as little as 0 01 7 of I pei ml have remained stable for 10 months 
Table III contains the results of estimations of protein-bound iodine 
in blood plasma of thiee species, as w'cll as in various tissues of the rat 
In all instances, inoiganic iodide was washed out When tlij’-roxine oi 
diiodotyiosine w'as added m amounts equivalent to 1 0 to 5 0 7 per 100 ml 
of plasma before the w'ashing, lecoveiies of approximatcl}’’ 100 and 75 
per cent (collected) lespectively were obtained These findings indicate 
adsorption of thyio\ine and, to a somewhat lesser e\tent, diiodotyrosine 
on the zinc proteinate piecipitate The binding must be strong to wnth 
stand foui wmshings 

SUMMARY 

A procedure has been reported for the determination of piotein-bound 
iodine m vaiious tissues, including blood plasma The pimcipal steps 
are precipitation, wmshmg and then oxidation of the protein, distillation 
of the iodine, and colorimetric determination of the iodine by means of its 
catalytic effect on the reduction of ceric 10 ns by aisenious acid 
The present method, combining and modifying pie\ious methods, 
permits a satisfactory analysis to be peifoimed on 2 ml of plasma, one- 
hundredth of a normal rat thyroid gland, 01 500 mg of rat hvei , kidney, 
heait, or skeletal muscle 
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THE SYNTHESIS OF FATTY ACIDS IN ADIPOSE 
TISSUE IN VITRO 

By B SHAPIRO A^D E WERTHEEMER 

{From the Laboratory for Pathological Physiology, The Hebrew University, 
Jerusalem, Palestine) 

(Received for publication, December 23, 1947) 

The conversion of carbohydrate into fatty acids m the animal body has 
been clearly demonstrated by Schoenheimer and Rittenberg (1) and by 
Bernhard and Schoenheimer (2) with the aid of deutenum oxide The D 2 O 
concentration of the body fluids was raised and the deutenum mtroduced 
into the fatty acids was taken as a measure of the newly synthesized fatty 
acids 

It IS generally assumed that the hver is the sole site of this synthesis 
However, a quantitative analysis made by Stetten and Grail (3) is not 
easily reconciled with this assumption Accordmg to their results, it has 
been calculated that the quantity of fatty acids synthesized per day by a 
mouse IS about 4 times the quantity present m the hver If the hver is 
assumed to be the major site of synthesis, the half life time of fatty acids m the 
hver should be several hours, whereas the half hfe tune actually found was 
between 2 6 and 2 8 days Tepperman, Brobeck, and Long (4) produced 
evidence that carbohj^drate can be converted mto fat m the extrahepatic 
tissues They were able to show that fatty acid synthesis was augmented 
m rats on a dietary trainmg, and that this augmentation persisted m the 
functional absence of the hver 

Tuerkischer and Wertheimer (5) suggested that adipose tissue ma}-- play 
a part m the synthesis of fat They showed that if, after rats have been 
fasted or given madequate diets long enough to exhaust then stores of fat, 
the animals are reahmented with high carbohydrate diets, glycogen is 
mitially deposited m the fat cells Only after an mterval has elapsed does 
the glycogen gradually disappear, givmg way to fat In earlier expen- 
ments (6), it had been found that m all conditions favormg fat synthesis 
from carbohydrates, fat deposition m adipose tissue is preceded by the ap- 
I^rance of glycogen m this tissue It was furthermore shown by Mirski 
(7) that isolated, glycogen-contammg adipose tissue has a respiratory quo- 
tient of 1 1 to 1 3, whereas ordinary, glycogen-free adipose tissue has a res- 
piratory quotient of 0 70 The respiratory quotient of gijmogen-laden adi- 
pose tissue was especially high and most consistent when the tissue was 
mcubated m serum It is thus presumable that adipose tissue is capable 
of synthesizmg fatty acids 
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In ordei to test tins assumption, the method of Schoenheimer and Ritten- 
beig (1) was used with adipose tissue incubated in V 2 (w Deutenum oxide 
was added to the medium and tlic dcutciium found in the isolated fatty- 
acids was taken as a measiue of synthesis of fattj’- acids Expei imcnts w ere 
earned out YUth mcsentenc fat, intciscapulai fat, and giom fat of lats on 
dietaiy i6gimes inducing fat synthesis and deposition of gl 3 ’-cogen in adipose 
tissue, on the one hand, and of lats on a stock diet, on the othei hand 

Tabu I 


hilroduclion of Dculciivm into Fatty letch of Adipose Tissue 




Tatti acids 

Deuterium concentration 

Tissue 

Trcilmcnt of rats 

per 100 jun 
body wciclit 

Atom per 
cent c-tccss in 
fatt> acids 

Per cent ratio 
in fat to 
tint in medium 

Mesenteric fat 

Stock diet 

ms 

145 

0 020 

0 22 

<( « 

<( 

ISO 

0 

0 

(t a 

Diet 1 

130 

0 022 

0 23 

it (( 

" 1 

122 

0 025 

0 27 

(< < 

“ 2 

95 

0 04G 

0 51 

(( 

“ 2 

105 


0 44 

Interscapular fat 

Stock diet 

S5 

0 034 

0 3S 

(t 

<( 4t 

SO 

0 052 

0 57 

(( ti 

Dietl 

70 

0 OGi 

0 71 

t( << 

‘ 1 

75 

0 05G 

0 G2 

(( 

“ 2 

70 


0 23 

t( (( 

“ 2 

6S 

0 074 

0 SI 

Giomfat 

Stock diet 


0 012 

0 13 

<( t 

Diet 1 


0 OIS 

0 20 

H ( 

“ 2 



0 25 

(t i( 

" 2 


0 019 

0 21 

Liver slices* 

Diet 1 

SS 

0 0G2 

1 75 

tt <t 

“ 2 

S2 


2 00 


* Livei slices i\ere incubated m serum with onlj’- 5 per cent deutenum oxide, mak- 
ing a final deuterium concentration in the tissue fluid of about 3 5 pei cent 


EXPERIMENTAL 

Adipose tissue was taken fiom lats on a stock diet and from lats mam- 
tamed on the folio wmg dietaij’- idgimes In Diet 1 food intake was lestiicted 
foi 5 to 7 days until a weight loss of 20 pei cent lesulted, followed by subse- 
quent feedmg ad libiiim foi 48 houis on a diet consistmg of 70 pei cent car- 
bohydiates, 20 per cent casern, and 10 pei cent oil Diet 2 differed from 
Diet 1 only m that lats weie kept on the restricted diet until 30 per cent 
weight loss resulted and weie then refed foi 16 hours only Adipose tissue 
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of the rats on Diets 1 and 2 contained glycogen m a concentration of 0 2 
to 0 5 per cent 

Tissues were removed, finelj'’ cut •wutli scissors, and mcubated for 4 hours 
at 37° m 3 volumes of rat serum enriched with deuterium oxide to a concen- 
tration of about 10 atom per cent After mcubation, the fat was saponified 
inth 20 per cent KOH, acidified, and the fatty acids extracted with ether 
After evaporation of the ethei, the residue was dissolved m aqueous 5 per 
cent KOH (m order to eliminate the carboxyl deuterium), acidified, and re- 
extracted with ether The ether was dried vuth sodium sulfate and evap- 
orated The deuterium concentration m the fatty acids thus isolated was 
estunated bj' the method of Keston, Rittenberg, and Schoenheimer (8) 

Results 

The results, summarized m Table I, show that deuterium is mtroduced 
into the fatty acids of adipose tissue mcubated m serum enriched with deu- 
tenum oxide The deutenum concentration is generally higher with adi- 
pose tissue from lats in a condition of accelerated fat synthesis (Diets 1 and 
2) than with adipose tissue from normal rats With normal grom fat, the 
deuterium concentration found m the fatty acids was x ery low, owmg to 
the high mitml fat content Higher values are found when part of the fat 
has previously been depleted (Diet 2) 

The experiments were earned out m serum as a medium, smee m this 
medium the most consistently high respiratory quotients were found (7) 
Several experiments earned out in Rmger’s solution gave smiilar but less 
marked results 


DISCUSSION 

The results confiim the assumption that adipose tissue is capable of 
synthesizmg fatty acids The higher activity found m glycogen-contaimng 
adipose tissue (Diets 1 and 2) suggests that glycogen may play a role in the 
synthesis of fatty acids The results do not as 3 ’^et pemut an exact evalua- 
tion of the part played by adipose tissue m fat synthesis m the animal body 
When adipose tissue and liver are compared, it is found that liver is more 
active in reneiving its fatty acids by s 3 mthesis Smee, however, the total 
amount of fatty acids m adipose tissue is many tunes greater than that m 
liver, adipose tissue may be responsible for a lugh percentage of the total 
quantity fat synthesized in the body, m spite of the slov er overturn in 
this tissue 


SUMMARY 

Adipose tissue mcubated in vitro m serum enriched with deuterium oxide 
introduces deuterium mto its fatty acids The rate of mtroduction is greatei 
m adipose tissue of rats on a diet acceleratmg fat synthesis m the body' 
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GLUTMnNE, AN ANTEMETAJBOLITE FOR STAPHYLOCOCCUS 

AUREUS 

Br N GROSSOWICZ 

(f rom the Department of Hygiene and Bacteriology, The Hebrew Unxiersity, Jerusalem, 

Palestine) 

(Received for publication, December 31, 1947) 

In a prevnous communication (1) it was shown that the antibactenal 
effect of L- and DL-N-( 7 -glutamyl)-ethanolamine and DL-N-( 7 -glutamjd)- 
ethj lamine upon Staphylococcus aureus could be reversed bj-- glutamic acid 
Preliminary data (1) showed that glutamine was unable to prevent this 
inhibition The meffectiveness of glutamme m overco min g the inhibition 
seemed to be rather cunous, smee glutamine is known to be a growth fac- 
tor for at least tv o organisms, Streptococcus pyogenes (2, 3) and Neisseria 
gonorrhoeae (4), and smee it has furthermore recentlj' been shown to coun- 
teract the inhibition of growth of Lactobacillus arabinosus caused by a 
sulfoxide dem ed from methionme (5, 6) 

Further experiments were therefore undertaken to remvestigate this 
problem Data will be presented to show that glutamme, alone, very 
markedly inhibits the growth of our prenous test orgamsm. Staphylococcus 
aureus, and that this inhibition is specifically reversed b}’’ L-glutamic acid 

KXPERIMENTAL 

Methods — ^We followed the techmque previously described (1) with re- 
spect to the composition of the medium, the test organism, mcubation 
penods, and growth estimation We used as an moculum 0 1 ml per tube 
of a 100-fold dilution of a barely turbid suspension of staphylococci Of 
the test matenals used, glutamme and glutathione were sterilized by filtra- 
tion and others by autoclavmg The sterile mgredients were added asep- 
tically to the medium, and the volume vas made up to 5 ml with sterile 
water Growth was measured turbidimetncally with an Evel 3 Ti type elec- 
trophotometer Smee the experiments were earned out m speciaUj^ 
matched tubes, the estimation of turbidity could be made at an 3 ' stage of 
growth, and our final measurement was made after 48 hours, more pro- 
longed mcubation did not alter the results 
Effect of Glutamme on Staphylococcal Growth — ^Table I shows that glu- 
tanune inhibits the growth of Staphylococcus aureus to a very marked de- 
Sree As httle as 3 mg of glutamme per 5 ml of medium mhibits growth 
l^y 80 to 90 per cent, and an inhibition of about 50 per cent is caused b 3 ’- 
2 mg Lower concentrations produced less marked inhibition, whereas 
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highei ones did not pioducc complete bacteiiosta&is A similai effect uas 
found with the glutamic acid alk 3 dnmincs (1) Ilouever, glutamine is 4 
to 5 times moie potent than the t\\ o .ilk^dnmines, l- and DL-N-( 7 -glutamyl)- 
ethanolamine and DL-N-( 7 -glutam 3 d)-eth 3 damine, pieviously tested 
Since the glutamine piepaiation used is not a sjuithetic pioduct and moj^ 
theiefoie be contaminated with biological!} actnc substances such as 
aiginine (7), it seemed necessaiy to deteimine uhether the inhibitoiy effect 
was leall}’’ due to glutamine itself oi to a possible associated by-pioduct 
E\peiiments weie caiiied out to iiile out the lattei possibility (1) Dif- 
ferent batches of glutamine, namclj’’ two batches of glutamine fiom General 
Biochemicals, Inc , as well as a batch of glutamine fiom The Biitish Diaig 


Tadll I 

Effect of Glutavnnc on Growth of Etuphylococcus aureus 


Compound added 

Concentration 

Photometer reading after 
•IS hrs Browth* 

None 

per ? V 1 

45 

(( 


46 

Glutamine 

0 5 

46 

(< 

1 0 

52 

(< 

2 0 ^ 

64 

ti 

3 0 

78 

H 

4 0 

88 


5 0 

90 


10 0 

87 

None (unmoculated) 


100 


* A reading of 100 indicates no growth Increased groivth is reflected by a dc 
creased reading 


Houses, Ltd , gave identical lesults (2) Aigminc had no effect whatso- 
evei (3) The inhibition is of a competitive chaiacter and is specificall}’’ 
counteiacted by L-glutamic acid /Vn almost constant latio uas found to 
exist between the mhibitoi (glutamine) and the metabolite (glutamic acid) 
(Table II) 

We aie thus obviously dealing with a specific inhibition due to glutamine 

Specificily of h-Gluiamic Aad m Hcvcimig Ghdmnim Inhtbihon — We 
next attempted to elucidate the mechanism b}^ which glutamine inhibits 
the growth of Staphylococcus axircus A series of compounds structuially 
related to L-glutamic acid was chosen L-aspaiagme and the sodium salts 
of DL-aspaitic acid, DL-a-aminoadipic acid, and L-pyriohdonecaiboxyhc 
acid The results are summaiized m Table III It maj’- be seen that, 
although some of these substances stimulated the gioivth of the oiganism 
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to a sbght degree, none of them, except n-glutanuc acid, was capable of 
abolishing the mhibition caused by glutamine 
The specificity of n-glutamic acid as an antagonist of glutamme is even 
more pronounced than v ould appear from the above 'WTien the natural 
optical isomer is replaced bj the lacemic DL-glutamate, the latter, mstead 
of showmg the expected 50 per cent actuity, as compaied inth the l 
antipode, vas found to be completelj’- mactive (Table III) This experi- 
ment V as repeated several times with various preparations of DL-glutanuc 
acid (]\Ierck and Compan 3 ’’, Inc , Hema Drug Companj’’, Inc , and a sample 

Table II 


Inhibtlion of Growth of Staphylococcus aureus by Glutamine, and Its Reversal by 

'L-Glutamtc acid 


GlaUnune concentration 

1 

L-GIutainic acid 
concentration i 

Photometer reading after 
48 hrs growth 

Glutamme 

L Glutamic acid 
at so per cent inhibition 

ptr 5 ml 

mg ptT 5 ml 



0 

0 

47 


0 

4 

45 


4 

0 

86 


4 

0 2 

86 


4 

0 5 

72 

8 

4 

1 0 

50 


8 

0 

86 


8 

0 5 

85 


8 

1 

77 

6 ca 

8 

2 

67 


8 

3 

48 


12 

0 

87 


12 

1 

82 


12 

2 

71 

6 ca 

12 

3 

68 1 


12 

4 

56 


— 





prepared by Dr N Lichtenstem, The Hebrew Umversitj'-, Jerusalem) 
The same results were regularly obtamed even when concentrations 5 
tunes as great as the effective concentration of L-glutanuc acid were used 
Di/-Glutamic acid does not actualli’- mhibit grovlih, but is meiety meffectn e 
>n restonng growth m the presence of the mhibitor (glutamme) 

Effect of Pleroylglutamic Aad and GlulalJnone on Inhibition of Growth 
Glutamme — Smce none of the compounds related to L-glutamic acid v as 
able to leverse the inhibition caused by glutamme, ve tned the effect of 
f^o natural tripeptides contammg n-glutamic acid as a component, (1) 
ptero3dglutamic acid (folic acid), m which the glutaimc acid is bound 
through its ammo group, and (2) glutathione, m which the glutamic acid is 
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bound tbrougli its y-carboxyl, as m glutamine and in the 7-glutamyl- 
ammes Table IV shows that both tripeptides are highly efficient in re- 


Table III 

Effect of Various Compounds Related to Glutamic Acid on Inhibition of Growth of 
Staphylococcus aureus by h-Glulamtnc 





Photometer 

Inhibitor 

Glutamic acid* and related compounds 

Concen- 

tration 

reading 

after 

48 hrs 
gronth 



mt per 5 ml 


None 

None 


43 


li-Glutamic acid 

5 

43 

H 

DL-Glutamic “ 

5 

43 

t( 

<1 l< 

15 

46 

(t 

DL-Aspartic " 

5 

42 

it 

ti it 

16 

47 

(( 

L-Asparagino 

6 

37 

it 

tt 

16 

41 

" ?' 

DL-ct-Ammoadipic acidf 

6 

42 

K tt 

16 

41 

Glutamine, 6 mg 

None 


87 

per 5 ml 

it it 

L-Glutamic acid 

0 6 

65 

it t< 

it tt 

2 

42 


tf ti 

5 

38 

it a 

DL-Glutamic “ 

6 

85 

it ti 

ft ft 

10 

82 

i* if 

ft ft 

15 

78 

f it 

DL-Aspartic “ 

5 

82 

(f ft 

ft tt 

15 

85 

ft f( 

L-Asparagme 

6 

82 



15 

85 

ft ft 

DL-cr-Ammoadipic acid 

5 

81 

it ft 

ft ft 

15 

83 

ti ft 

L-Pyrrolidonecarbo\ylic acid 

10 

84 

tf ft 

ft tt 

Ammonium chloride 

10) 

10/ 

79 


* All the acids ere assayed as neutral sodium salts 

t We are indebted to Dr Heinrich Waelsch, Columbia University, New York, 
for the sample of DL-a-ammoadipic acid 


versing the inhibitory effect of glutamme On the basis of glutamic acid 
content, folic acid (33 per cent glutamic acid) is about 15 to 20 times as 
active as L-glutamic acid and glutathione (48 per cent glutamic acid) is 
about 10 to 12 tunes as effective as L-glutamic acid 
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DISCUSSION 

Glutamic acid plays an important r61e m the metabolism of Staphylo- 
coccus aureus This organism grows luxuriantly lU a synthetic ammo acid 
medium devoid of glutamic acid, apparently synthesizmg the required 
ammo acid (8) If glutamic acid is added to the medium, the staphylo- 

Table IV 


Effect of L Glutamic Acid, Pleroylglutamic Acid, and Glutathione on Inhibition of 
Groicth of Staphylococcus aureus by Glutamine 





Photometer 

Inlubitor 

Glutamic acid and denvatives 

Concen 

tration 

reading 



24 hrs 

48 hrs 



mg per S ml 



None 

None 


61 

40 

If 

CC 


64 

42 

<( 

L-Glutamic acid 

2 

66 

42 

1C 

'PtoToytgtiilamic BCid* 

0 5 

63 

36 

(1 

Glutathione 

1 

61 

43 

Glutammo, 4 mg 

None 


85 

84 

per 5 ml 

CC |( 

n-Glutamic acid 

0 1 

82 

83 

Cl CC 

« << 

0 3 

84 

84 


CC CC 

0 6 

75 

63 

CC CC 

CC CC 

1 

62 

48 


CC (C 

2 

65 

39 

CC Cl 

Pteroylglutamio acid 

0 03 

80 

78 

CC CC 

CC CC 

0 1 

75 

57 


CC CC 

0 3 

73 

42 

(C CC 

CC CC 

0 5 

72 

41 

CC CC 

Glutathione 

0 03 

87 

84 

CC CC 

CC 

0 1 

82 

60 

*t CC 

CC 

0 3 

76 

51 


CC 

0 6 

76 

47 

CC CC 

CC 

1 0 

71 

42 


* Synthetic pteroylglutamio acid (folic acid) has been obtained through the 
courtesy of Dr S M Hardy, Lederle Laboratories Division, American Cyanamid 
Company 


COCCI assimilate it and concentrate it m their protoplasm (9) Our stram 
behaved normally m this respect m that it was capable of buddmg this 
anuno acid by itself Now, if sufficient glutamine is added to a casein 
bydrotysate medium which contams glutamic acid, the growth is inhibited, 
find extra glutamic acid is required to overcome the inhibitory effect 
"^fhis inhibition is veiy specific Neither the 4-carbon analogues, dl- 
sspartic acid and n-asparagine, nor the 6-carbon analogue, DL-a-ammoa- 
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dipic acid, has anj'- effect upon it L-P3’-iiolidonecaiboxylic acid and its 
ammonium salt aie also iMtliout effect Fui Lhcimoie, the lacemic dl- 
glutamic acid, though not in itself mhibitoiy, is incapable of counteracting 
the mhibitiou due to glutamine 

The ineffectiveness of DL-glutamic acid is sti iking Instead of shoving 
the expected 50 pei cent activity, it is not effective at all The inactivity 
of lacemic glutamic acid may be explained m eithei of tvo va3's The n 
antipode may shov inhibiting piopcitics compaiable in extent to the 
counteiactmg effect of tlie l antipode on glutamine, and these two effects 
maj^ cancel each othei It is possible, also, to assume the foimation of a 
stable lacemate, the antipodes of which have gieatci affinity foi each othei 
than that of the enz3'-me foi the l foim ( 10 ) This pioblem is now under 
mvestigation 

L-Glutamic acid and the twm natural tiipeptidcs, glutathione and folic 
acid, aie the onl3’’ ones in a senes of substances tested which reverse the 
inhibition of staph3dococcal growth by glutamine In folic acid, the 
glutamic acid is bound through its ammo group, whereas in glutathione it 
IS bound tlirough the -y-caiboxyl as in glutamine and m the y-glutamyl- 
ammes It is, theiefore, lather suipiismg that glutathione is so efficient 
in ovei coming the inhibition b3'' glutamine It is mteiesting to note that 
Waelsch, Ow^ades, Miller, and Borek ( 6 ) also obsenmd that glutathione 
behaves lilce glutamic acid and not at all like glutamine tow'ards the sulf- 
oxide of metluonine 

These results may best be inteipieted by assuming that we are dealmg 
wnth an mhibition of the competitive t3’pe Glutarmne, closel3^ related 
to glutamic acid, possesses gieat affinit3’- foi that enz3’-me S3’-stem which 
noimalty combmes wuth glutamic acid Smee the staphylococci are ap- 
parently devmid of glutaminase, the glutamine is not bioken dowm, and re- 
actions essential for glutamic acid metabolism and growth aie thereby 
blocked The lesultmg mhibition is, how’^evei, completel3’’ reversible, since 
growth IS lesumed on the addition of glutamic acid eimn if bacteriostasis 
has already talcen place 

The fact that glutamine is an efficient antimetabohte seems remaikable 
to us The great majoiity of the numerous structural analogues w'hich 
show antagonistic properties towards then mother substances are arti- 
ficiall3’- changed compounds Some substances, however, aie naturalh’' 
occurimg metabolites (e ff asparagine, wdnch is antagonistic to / 3 -alanine 
in a yeast ( 11 ), isoleucine antagomstic to leucine m Pastern cUa peshs ( 12 ), 
and aiginine antagonistic to lysine in Neutospora ( 13 )) 

Furthermoie, oui data illustrate the fact that imdei certain conditions 
an essential metabolite and growth factor ma3'- show^ inhibitory properties 
The inhibiting concentiation of glutamine is, hownvei, higher than that 
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required for growth stimulation m sensitive organisms, langmg as it does 
from 0 06 mg per 100 ml m Lactobacillus casei (14) to 0 03 mg and ei en to 
20 mg per cent m Slreptococcus heinolyticus (2, 3), whereas an inhibition of 
about 50 per cent is obtained only by 40 mg pei cent Nevertheless, m 
spite of the high concentrations of the glutamine this is a specific inhibition 
gmemed by the laws of competitive interference with the essential 
metabolite 

The question of the identity of the metabolite (whether it is the glutamic 
acid itself or some glutamic acid peptide) also merits mention Since both 
glutathione and fohc acid are consideiabty moie effective than glutamic 
acid m o\ ercoming the growiih inhibition produced by glutamme, one might 
infer that these two substances aie actuall}’’ the end-products of glutamic 
acid metabohsm, the formation of which is mhibited by glutamine This 
inference is to a certam extent, though not conclusively, contradicted 
by the data in Table IV Each of these three substances, L-glutamic acid, 
fohc acid, and glutathione, when added to the assay medium, causes a 
prolonged lag phase, a transient inhibition which disappears on further 
incubation (compare 24 and 48 hour data m Table IV) The possibihty is 
therefore not excluded that glutamic acid is converted not into one of these 
peptides but mto another substance of sunilar structure 

SUMMARY 

The inhibitmg effect of glutamme upon Staphylococcus aureus is demon- 
strated This inhibition is of a competitive type and is specifically re- 
versed by L-glutamic acid, pteroylglutaimc acid, and glutathione Sub- 
stances like DL-aspartic acid, n-asparagine, DL-a-ammoadipic acid, and 
I'-pyrrohdonecarboxylic acid are ineffective 

The unexpected meffectiveness of DL-glutamic acid m overcoming the 
inhibition is discussed 

The inhibition indicates the absence offa glutaminase capable of convert- 
mg glutamme mto glutamic acid 

The role of pteroylglutamic acid and glutathione in the metabohsm of 
Staphylococcus aureus is bnefly discussed 
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THE DISTRIBUTION AND EXCRETION OF 
INJECTED URANHIIM* 


Br W F NEUMAN, R W FLEMING, ALEXANDER L BOUNCE, A B 
CARLSON, J O’LEARY, and B MULRYAN 

{From ihe Dmston of Pharmacology and Toxicology, Department of Radiology, 
School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York) 

(Received for publication, January 10, 1948) 

The distnbution and excretion of injected uranium have been the subject 
of a number of papers (1-9) ivherem a vanety of analytical methods ivas 
employed and a vanety of conclusions reached For example, some authors 
(6, 8) considered the liver as an important site of uramum deposition, while 
others (3, 4) reported the hver to be uramum-free Some (1, 3) foimd 
uramum to be excreted m the bile, a fact denied by others (7) 

All of these mvestigators agreed that uramum accumulates m the Jbdneys 
and most of the recent pubbcations indicated that large quantities of m- 
jected uramum were excreted m the urme None of these mvestigators* 
exammed bone as a possible site of storage, in spite of the fact that Hoff- 
mann (10) found traces of uramum m the bones of normal, untreated 
animals 

In the experiments reported here, balance studies were performed on rats, 
m addition, corollary studies with other species were conducted to clarify 
certam pomts Injected uramum was found to be rapidly excreted m the 
unne, veiy httle appearmg m the feces Bone and kidney were the only 
tissues which retamed significant quantities 

EXPERIMENTAL 

Methods 

Because of the influence diet might have on the distribution and excretion 
of uramum, a synthetic i ation, v hich could be defined and reproduced, was 

* This paper is based on work performed under contract No ■W-7401 -Eng-49 for 
the Manhattan Project at the University of Rochester 

' Exceptions can be found in the classified literature of the Manhattan Project 
A comprehensive study of the distribution and excretion of injected and ingested 
uramum uas reported by Tannebaum, A , Silverstone, H , and Koziol, J , Chicago 
Atomic Energy Report No CH-3653, sinular experiments with uranium giien by in- 
^atracheal insufflation were reported by Thompson, H E , and Steadman, L T , 
Rochester Atomic Energy Report No M-1984 The results of these independent 
studies are in excellent agreement with the data reported here 
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chosen Rats kept on this lation foi scvcial months grc^v well and evi- 
denced no deficiency symptoms 

This diet had the following composition, in paits bj' weight 25 casein, 
40 staich, 10 sugai, 5 yeast, 4 alfalfa, 20 Colin floui, 7 5 laid, 2 5 cod hvci 
oil, 4 9 salt mixtuie (11), 1 0 calcium caibonatc, 0 1 Natola (fish oil conceii- 
tiation), 0 2 cbohm chlondc, and 0 21 vitamin mi\tiuc 
The vitamin mivtuie had the following composition in mg thiannine 80, 
iiboflavin 160, p 3 nido\ine 120, nicotinic acid 250, calcium pantothenate 250, 
p-aminobenzoic acid 230, inositol 500, and coppci sulfate 500 

The high Cellu floui content of the diet initiallj pioduccd a mild dianlica 
lasting 1 01 2 da^'^s Because of this, all expciimental lats w'cie given a 
inmimal equihbiatmg peiiod of 1 week on the i at ion bcfoic uianium was ad- 
mmisteied 

Male and female Wistai lats weighing 200 ± 5 gm weic injected intia- 
venously (by tail vein) with a solution of 0 1 jici cent man}'! nitiatc (hc\a- 
hydiate) at a dose level of 2 5 mg of U pei kilo The animals wcie placed 
in individual, all-glass metabolism cages which pei milted sepaiate mine 
and feces collection Each dajq the cages weie washed thoroughly with 2 
N HCl solution containing 0 1 jici cent deteigont (sjiecial sample of acid- 
stable deteigent, Igopal CTA e\tia, kindi^’’ fuinished l^v the Gencial Dj^e- 
stuff Coipoiation, New Yoik) Aftei specified intei vals of fiom 45 minutes 
to 44 days aftei injection, the animals weie anc'^thetized lightl}" with ethei, 
blood being coUecteil by aspuation fiom an axilhiv pouch made necoiding 
to Kulm (12), and weie then saci ificed Dissections w cic made with scuipu- 
lously clean instiuments which wcic kejit uiidei a 2 pci cent solution of 
sodium bicaibonatc when not in use The lollowing samples weie tiken 
kidney, uiinaiy bladdei, spleen, gonads, heait, lungs, li\ei, stomach and 
contents, mtestmes, leg muscle, skin and haii, femui-s and humeii, tibiae, 
ladn, fibulae, ulnae, pelvic giidle, thieeoi foui veitcbiae, iibs, slaill, and tail 
The lest of the animal was divided into two simples, soft caicass and bone 
carcass, each bone w'^assciaped fice of adheiing flesh A complete balance 
lecoid, tc luanium admmisteied mM/s uianium iccoveied, was kept 
foi each lat 

Coiollaiy evpeuments weie conducted on othei species In these studies, 
the animals weie anesthetized and infused wath fluids as specified, the 
bladders w’^eie cannulated, and, aftei a single mtiavenous injection of iiianjd 
acetate, mine samples weie collected ovei vaijung peiiods fiom 4 to 8 horn's 
All analyses for uianium weie made by the fluoiophotometiic method 
desciibed previously (13) 


Results 

Viamum Content of Noinml Tissue — Twm noiinal, untieatcd rats w'^ere 
saci ificed, dissected, and analyzed as described above to establish the range 
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of concentrations of uranium m normal tissue The results are given m 
Table I 

The concentrations obsen’-ed m normal lats vere less than 0 1 7 per gm 
of tissue, m agreement vith the results of Hoffmann (10) Actually, it 
IS doubtful whether these data represent the tiue tissue content, rather, 
they represent a measure of the extent to iihich contammation was con- 
trolled 

In the data to follow, onlj' concentrations greater than 0 1 7 per gm of 
tissue were considered significant 


Table I 


Uranium Content of Normal Rat Tissues 


Tissue 

Rati 

Rat 2 

Tissue 

Total U* 

U concen 
tratioD 

Tissue 

Total U* 

XT concen 
Iration 


i ern 

y 

7 per gm 

gm 

T 

7 per gm 

Carcass 

47 55 



71 40 

0 00 

0 00 

Muscle 

42 00 

0 38 

0 01 

27 21 

0 00 

0 00 

Skm and hair 

33 09 

0 45 

0 01 

31 15 

0 39 

0 01 

Intestines 

17 66 

0 12 

j 0 01 

20 32 

0 13 

0 01 

Liver 

8 72 

0 22 

0 04 

9 65 

0 00 

0 00 

Blood 

7 03 

0 14 1 

0 02 

7 77 

0 08 

0 01 

Stomach 

4 82 

0 04 ; 

0 01 

1 55 

0 02 

0 01 

SkuU 

2 71 

0 00 1 

' 0 00 

2 97 

0 00 

0 00 

Gemtals 

2 38 

0 00 1 

0 00 

2 54 



Lungs 

1 15 

0 03 ! 

1 0 03 

1 03 

0 00 

0 00 

Vertebrae 

1 06 

0 03 

1 0 03 

1 21 

0 00 

0 00 

Tibiae 

1 26 

0 00 

0 00 

0 85 

0 00 

0 00 

Kidne} s 

1 63 

0 03 

0 02 

1 66 

0 00 

0 00 

Femurs 

0 79 

0 00 1 

0 00 1 

1 01 

0 00 

0 00 

Spleen 

1 16 

0 03 

0 03 

1 35 

0 01 

0 01 

Heart 

0 81 

0 06 

0 07 ! 

0 82 

0 06 

0 07 

Pelvic girdle i 

0 67 

1 0 00 

0 00 ' 

0 75 

0 00 

0 00 

Ribs j 

0 41 j 

0 03 

0 07 1 

0 35 

0 00 

1 

0 00 


* Total uranium values less than 0 05 -y are of doubtful significance (13) 


Analytical Recoveries — To prevent anabdical maccuracies from giving 
misleading results in the experiments below , a balance studj w as conducted 
on each rat examined \ summarj’- of these lesults is presented m Table II 
Included m the table are the results of control isolations from pme uranyl 
mtrate solutions carried out simultaneously wuth isolations from tissue 
samples 

It should be pomted out that, m these experiments, most errors were 
positive For example, of a senes of analyses of normal unne specimens 
which are uramum-free, some will give slightly positive results, some true 
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blanics, and some slightly negative results However, all negative results 
aie reported “zeio,” giving an aveiage which is positive Therefore, the 
highest recoveiies were observed m those animals fiom which the greatest 
number of samples weie taken (gieatest accumulation of positive errors) 
In practice, it was the long term animals fiom which the greatest number of 
specimens were talien (daily urme and feces collections ovei periods of 10 to 


Table II 

Over-All Recoveries tn Balance Experiments 



Ro of Eamples 

Mean rccovcr> 

Standard 

deviation 

Uranyl nitrate solutions 

38 

per cent 

85 

per cent 

8 

Short term animals (14) 

400 

90 

7 

Long " “ (7) 

420 

lOS 

13 


Table III 

Variation in Uranium Conccnlralion in Rat Blood with Time 


Time after injection 

Blood uranium le^el 

Temales 

Males 

hrs 

y per ml 

7 per mi 

0 (Calculated)* 

36 

36 

0 76 

1 5 

1 3 

2 5 

0 2 

j 0 0 

8 


' 0 1 

12 

0 1 

0 1 

24 

0 0 

t 0 1 

48 

1 0 1 1 

0 0 

960 

00 j 

0 1 


* Calculated on the assumption that the blood volume constituted 7 per cent of 
the total body weight 


40 days) Accordmgly , the results obtained f rom the long term animals have 
been listed separately m Table II 

The data show that the recovery of uranium from the animal was, in final 
analysis, equivalent to that obtained with pure solutions of uranyl nitrate 
Blood — ^Analyses of blood have been made on two species, rats and 
rabbits, the hteiature contains one repoit on dogs (8) All thiee species 
evidenced a rapid disappear ance of uranium fiom the blood after mjection 
The data obtained with lats are summarized m Table III Fig 1 pre- 
sents giaphically the results of the experiments on rabbits, mcludmg one in 
which the rabbit had been nephrectomized 
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In rats and normal rabbits, over 99 per cent of the administered uranium 
had left the blood stream in 2 hours E\ en nephrectomy did not markedh^ 
delay the process In dogs, as reported bj Holman and Douglas (8), ura- 
nium left the circulation someu hat more slow ly Hoivever, the dogs re- 
cened uranium mtraperitoneallj’’ 

Urinary Excretion — Data obtamed from three species, rats, cats, and 
rabbits, indicated that the urmar}’’ excretion of uramum is also rapid The 
aieraged unnary excretion of rats is presented m Fig 2 Most of the ex- 



MINUTES AFTER ADMINISTRATION 

Fig 1 Disappearance of injected uranium from the blood O, specimens from 
normal rabbits, 9, data from a nephrectomized rabbit 

cretion took place m the first 24 hours after admmistration Piactically 
all of the excreted uranium was found m the urme Holman and Douglas 
(8) obtamed similar results with dogs 
Table IV contains the summarized results of studies on cats and rabbits 
In these animals, nearly one-fifth of the dose m as excreted m 4 hours 
It is mterestmg that a marked difference was obsen ed between the earlj 
nnnarj' excretion of the male and the female rats This was probabb a 
reflection of differences m the amounts of uranium deposited in the skeleton 
nf the tn o sexes (see below) 
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Eifed of Acid-Base Admimsbahon — ^^Volk m this labointoiy and elsc- 
wheie (15, 10) indicated that alkali adniinwtiation docieasod uranium tov 
icitj'-, as evidenced by moilaliiy It was not suipii&ing, then, that the 
simultaneous administiation of uianium and sodium bicarbonate resulted 
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HOURS AFTER INJECTION 

Fig 2 Avei aged urinary excretion by innlc and fciimlc rats 
ciatcd with the curves indicate the number of animals ax ei aged 


The numbers asso- 


Tabll IV 

Hour Unnaiy Excielion of Uramum by Individual Cats and Rabbits 
foUouing Intiavcnous Injection 


Cats 

Rabbits 

Dose 

Dose m urine i 

Dose 1 

1 Dose m urme 

mg V per Ig 

per cent | 

i 

vig V per hg 

1 per cent 

3 4 

17 5 ! 

1 7 

17 S 

3 4 

19 0 1 

1 7 

S 9 

6 2 

27 4 

1 17 

14 2 

12 1 

IS 5 

5 6 

23 2 

Average 

20 G 


16 0 


in an mciease in the amount of uranium excieted To illustiate the effects 
of allcall, representative data have been assembled in Table 

It IS apparent that acidifying substances exerted an effect opposed to that 
of alkalme substances Rabbits and cats which weie given acid-producmg 
diets excieted a much smallei propoition of the dose 
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Fecal Excretion — Although the amounts of luamum found m the feces of 
treated animals nere significant, the^ appeal unimportant nhen compared 
with the amounts found in the urine The aveiage total found m the feces 

Tvble t 


Effccl of Iciff Base Adnunibli alioii on { Hour Lrinary Excretion of hramum 


Spea« 

j 

No of i 
animals 

1 

' Biet 

i 

[ Infu (on fluid i 
^ 0 85% 

Sjstenuc acid 
base balance 

Dose 

1 

! 

Dose in 
unne 






1 

1 171/ U per 
' he 

oTcrage 
per cent 

Cat 

1 1 

Normal 

NaHCO i 

Alkaline 

3 4 

65 



I (( 

NaCl 1 

Normal 

3 4-12 1 

24 


- 

Meat -f NH,CI 

1 “ 1 

Acid 

3 4 

10 

Rabbit 

1 

Normal 

NaHCO 

Alkaline 

5 6 

71 


1 4 


NaCl 

Normal 

1 7-5 6 

16 


1 3 

Oat 

ii 

Acid 

1 7-5 G 

3 6 



Fig 3 The relationship betw een the time after administration and the uranium 
content of the rat kidney 


of twenty-three rats tvas only 3 9 per cent of the dose This aveiage in- 
cludes fecal collections for periods rangmg from 0 75 to 960 hours after ad- 
^iiioistration There v as no correlation betw een the amount of fecal urani- 
um and the tune after injection 
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The luicstmcs and contents, icmoA'cd fiom the cnicass, never contained 
nioic than 0 5 pci cent of (he clo‘^e Aflei 2 davs, <he rpianfities found in 
the intestines vcic insignificant 

Theie is good icason to behove that the small amounts in the feces did not 
lepiesent tiiie cxciction, but lathci coniamination Two possible sources 
of contamination woio (a) diicct contamination, (ho feces lollcd down the 
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Effect of [ci(l-Jia^( Rcldtion^ on [jiannini Dipo ilion in Cal Kidney 


j 

Diet 

InlusioM lluld, ! 

0 fiscal 

Dc^e in 1 i(Ine>i 

i Dose m 
urine 

1 Dose m 
[ l.idne> urine 
j s> stem 



per cent 

per cent 

per cent 

Nonnal | 

NnllCOj 1 

0 S nt 4 lirs 

05 

GO 

“ I 

NaCl 

33 “ 8 " 

20 ' 

63 

Acid (NH 4 CI) . 

H 

IS “ 4 “ 

' 11 1 

62 

<( ' 

1 

(< 

72 " S " 

; 7 9 1 
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Taiiil VJI 

Uiamxm Content of Livers of Hals Givin Uranyl Nitrate 



Sides of the cage fumiel wdnch w'as w'et wuth pieviously excieted, uramum- 
iich urine, and (5) indiiect contamination, a few diops of uiine (on the 1st 
day) clmging to the fui w^ould piovide the means by which the rats could 
obtain seveial pei cent of the dose oially 
Deposition in Kidney — The deposition of uianium m the kidney was verj" 
rapid The highest ludney values, amounting to one-thnd of the dose, 
weie noted between 0 75 and 2 5 hours aftei mjection Aftei 40 days, less 
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than 2 per cent of the dose remained As in the case of unnaiy excretion, 
sex difference ivas obsen^ed The data obtamed from rats shomng rapid 
mobihzation are presented m Fig 3 

Data illustratmg the effect of acid-base balance on uramnm deposition m 
kidney, presented m Table VI, show an mverse relationship between depo- 
sition and sj'stemic alkahmty 

Deposition tn Liver — ^There was practically no deposition m the hver 



HOURS AFTER ADMINISTRATION 
Fig 4 Disappearance of uramum from the soft tissues 

(from 0 1 to 0 9 per cent of the dose), as was mdicated by the data from the 
intravenously mjected rats presented m Table ATI 
Other species gave similar results For example, the hi er of a dog con- 
tained less than 0 2 per cent of the 22 5 mg of uranyl acetate administered 
intravenously 3 hours pretuously 

deposition in Soft Tissues — Wi thin 45 mmutes after administration, all 
of the soft tissues’ (exceptmg kidney) contamed in toto as much as one-fifth 

Tissues analyzed separatelj included bladder, spleen, liver, gonads, heart, lungs, 
stomach, intestines, skin and hair, and leg muscle All other non-calcified structures 
"ore pooled and analyzed as “soft carcass ’’ 
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of the uianium admmistcied At this time theie were considerable quanti- 
ties of uianium in the blood Latci, concunently with the diminishing 
blood concentiation, the soft tissue content decreased to a very low level 
(0 2 to 0 3 7 pel gm ) and lemaincd low tin oughout the 40 day time interval 
These lesults aie piesented giaphically in Fig 4 
Deposition in Bone — The gieatest concentiation in bone (20 to 30 per cent 
of the dose) Avas noted in 2 5 hours aflei injection These data aie pre- 
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Fig 5 Data showing a marked sex difference m the deposition of uranium m the 
rat skeleton 


sented in Fig 5 Though giadually deci easing theieaftei, the quantity 
found in the skeleton at 40 days accoimted foi 90 per cent of that lemammg 
in the animal A consistently greatei amount was stoied in the bones of 
males than of females 

In view of the fact that liver, spleen, and all soft tissues contamed very 
loAv concentiations (less than 0 5 7 pei gm ), theie w^as little doubt that the 
uianium found in the skeleton lesided in the bone substance and not the 
bone mairow To confirm this, a femur was lemoved fiom a labbit injected 
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intravenously with uranj’’! acetate, separated into four portions, and an- 
alned with the follow ing results 


Femur end 

Marrow from femur end 
Femur shaft 

Marrow from femur shaft 


Sample vcight 
cm 

0 35 

0 34 
2 07 

1 05 


Total U content 

9/2 
0 33 
25 2 
0 66 


These data, in spite of the possibihty of cross-contammation, clearlj’^ showed 
that marrow does not store significant amounts of mjected uramum As in 
the case of manj other minerals, the end of the femurs, mcluding epiphysis 
and metaphj sis, ^how ed a greater uptake (17 per gm ) than did the shaft 
(12 7 7 pel gm ) 


DISCUSSION 

The rapiditj with which uranium left the circulation and appealed m the 
unne mdicates that uranium exists in the animal for the most part m a 
soluble, diffusible state Although uiamum appeared m the soft tissues 
shortly after injection, if it penetrated the cells, it was not fixed there to an}' 
appreciable extent 

Bone, on the other hand, showed a remaikable affimtj for luamum It 
13 interestmg that a consistently greater amount w as stored in the bones of 
males than of females This suggested that some physiological factor re- 
lated to sex IS mvolved m bone deposition How ever, subsequent studies® 
revealed that the factor in question was age rathei than sex In the experi- 
ments reported here, all rats studied weighed 200 ± 5 gm At this weight, 
the average male rat of our colon}' is 9 w eelrs of age, the av erage female 16 
iveeks The males, therefore, because of a greater rate of bone growth, 
deposited greater quantities of uramum m the skeleton 

It appeared that the urmary system (kidney and unne collectively') w as 
m competition with the skeletal system for the mjected uramum For ex- 
^ple, 100 hours after mjection the males showed approximately 20 per cent 
m the skeleton, 66 per cent m the kidney and unne, the females, 8 per cent 
in the skeleton, 80 per cent m the kidney and unne The fact that young 
nmmals deposit more uramum m the skeleton,® leaiung a smaller proportion 
of the dose to attack the kidney, may account m a large measure for the 
resistance” of young gnimalR to the nephrotoxic effects of mjected ura- 
nium, a fact reported by MacNider (14) and confirmed m this laboratory' 

From Table VI it is evident that x'anations m acid-base balance do not 
matenally alter the distnbution between the skeleton and the urmary sy s- 

’ Neuman, M IV.Xeuman.'W F ,Main,E ,andMulrjan,E , unpublished results 
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tem Rather, it determines to what extent the uranium which reaches the 
kidne)'’ is initially fixed in that tissue Alkali infusion kept kidney fixation 
below '1 pel cent of the dose Ammonium chloride feeding, on the other 
hand, inci cased the deposition in the kidney to as much as 72 per cent 
This finding piovides a rational basis for the fact that allmh administration 
dimmishes the nephiotoxic effects of injected uranium 

SUMMARY 

Expel iments on the distribution and excietion of injected uranium were 
conducted on lats, labbits, and cats 
Roughly two-thiids of the dose was excreted rapidlj’’ via the urine As 
much as one-fifth was found in the skeleton fiom which it was mobilized 
slowly The kidney initially fixed as much as one-fifth of the dose, but the 
concent.iation fell rapidly to a vciy low' value in 40 days All other soft 
tissues (including blood) contained negligible quantities 
Alkali administration reduced the amount deposited m kidney, mci casing 
propoitionately the quantity found m uunc Ammonium chloride feedmg 
excited an effect opposed to that of alkali admmistration 
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MERCAPTALS AXD MERCAJ’TOLES OF CYSTEINE 

Bt MARVIN D ARMSTRONG* A^D VINCENT du VIGNEAIJD 

(From the Department of Biochemtslry, Cornell Untiersity Medical College, 

New Yorl City) 

(Received for publication, Januarj 20, 1948) 

Our earlier sjTithesis of djenkolic acid through the condensation of 
methylene chlonde and cj'^steine (1) in hquid ammonia did not appear to 
lend itself to the preparation of certain related mercaptals and mercaptoles 
which we desired Howeter, the reaction which we have recently de- 
Ecnbed (2) between fonnaIdeh3’^de and C3'steine in a strongly acid solution 
to gne djenkolic acid appeared to offer attractive possibilities in this 
direction We have now extended this reaction to acetaldeh 3 ’^de, propi- 
onaldeh 3 ’'de, and benzaldehyde 'When these aldeh 3 'des were added to a 
concentrated solution of cysteine m 6 N h 3 drochIonc acid, the reaction 
proceeded mgorousty and w as completed m a few minutes Some of the 
products formed insoluble monoh 3 ’-drochlondes and w ere best purified by 
reciystallization of this denvatne 

'We have also found that w hen acetone and C3mlohe\anone w ere caused 
to react with cysteme under the conditions used for the formation of 
mercaptals, the corresponding C 3 'steme mercaptoles were obtamed 

EXPERIMENTAL 

^Cysleine Mercaptal of Acetaldehyde — ^To a solution of 1 0 gm of E- 
ejsteme hydrochlonde m 2 cc of 6 n HCl was added 0 65 cc (0 5 mole) 
of acetaldehyde, and the solution was allow ed to stand at room temperature 
After a few seconds the solution became hot and the monohydrochlonde 
of the mercaptal began to crystalhze The mixture wms cooled m an ice 
hath and the sohd was collected on a smtered glass filter, washed with 
cold 6 N HCl, and dned The yield w^as 0 70 gm (65 per cent of the 
theoretical amount) It was recrystaUized several times from 50 per 
cent ethanol, = —15 0° for a 1 per cent solution in 1 N HCl, m p 

^5-230° (wnth decomposition) * The compound gave a negatme test 
tor the sulfh 3 ^dr 3 d and disulfide groups and was not oxidized 63 - lodate 

CsH„0,N,S.Cl Calculated C 31 52, H 5 59, N 9 20, S 21 02 
304 5 Found “ 31 98, “ 5 86, » 9 25, “ 21 20 

^^ysleine Meicaplal of Propionaldehyde — ^The preceding experiment 
repeated with 0 24 cc (0 5 mole) of propionaldehyde The product 

' address, Universitj of Utah School of Medicine, Salt Lake Citj , Utah 

melting points are corrected micro melting points 
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was obtained and punfied in the same mannei as the coi responding com- 
pound fiom acctaldehj'de The jueld was 0 90 gm (88 per cent of the 
theoietical amount), [«]„” = +10 0° foi a 1 pei cent solution in 1 n HCl, 
m p 220-222° (n ith decomposition) 

Cl)HIl,O^N 2 S 2 Cl Calculated C 33 91, 11 G 39, X S 79, S 20 09 
318 5 Found “ 34 41, “ G G2, " 8 G5, “ 20 43 

\j-Cysicinc Meicaptal of Bcnzaldcinjde — To a solution of 0 3 gm of n- 
cysteme livdiochloiide in 1 cc ol () n II Cl nas added 0 33 cc (0 5 mole) 
of benzaldehyde and the niixtuic was shaken at inlenals It became 
waim and the benzaldehyde giadually dissolved Aftei standing at 
loom tempeiatuie foi an hoiu, the cleai solution was diluted wuth an 
equal volume of wmtei, the 0 x 00*55 iienzaldehyde was exti acted with ethci, 
and the solution was made neutial to litmus bj’’ the addition of G N NaOH 
The resulting gelatinous piccipitato dissolved wdien the noixtuie was 
heated, but lepiecipitatcd as a gel wdien the solution was cooled The 
compound cij'stallized as small white rosettes after standing overnight 
at loom tempeiatuie Idio yield was 0 45 gm (78 per cent of the theo- 
ietical amount) The compound was twice icciystallized from water, 
each tmie piecipitatmg as a gel wdiich slowdy ciystalhzed as small losettes 
The compound gave a negatne test foi chloiide and a negative test for 
the sulfhydi 5 d and disulfide gioups, [alo®® = +35 0° for a 1 per cent 
solution in 1 n HCI, mp 200-220° (with decomposition) 

Ci 5 lI,aO<N:S 2 Cilculatod C 47 27, H 4 58, N 8 48, S 19 39 

330 Found “ 47 48, “ 5 80, ” 8 59, “ 19 55 

h-Cystenie Mei caplolc of Acetone — To a solution of 2 5 gm of L-cysteme 
hydrochloiide m 6 cc of 6 n HCI w'eie added 1 1 gm (1 mole) of acetone 
Aftei the solution had stood at room tempeiatuie overnight, the mei- 
captole monohydrochloride had crj’^stallized The piecipitate was col- 
lected, washed w ith cold G N HCI, and dried The yield was 2 3 gm 
(83 pel cent of the theoietical amount) Aftei seveial reciystalhzations 
fiom watei the compound continued to give a positive test foi the sulfhydiyl 
gioup when tieated wuth sodium mtiopiusside 

CoHiaO^NsSsCl Calculated C 33 91, H G 39, N 8 79, S 20 09 

318 5 Pound “ 34 23, “ G 21, “ 8 90, " 20 25 

-L-Cysteine Mercaptole of Cyclohexanone — To a solution of 1 0 gm of 
L-cysteine hydrochloride m 2 cc of 6 n HCI wms added 0 34 cc (0 5 mole) 
of cyclohexanone The solution was heated to 70° and wms allow^ed to cool 
and to stand at loom tempeiature foi seveial days It was then cooled in 
an ice bath and wms made neutral to litmus by the addition of 6 n NaOH 
The meicaptole precipitated as a bulky solid w+ich was collected on a 
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filter, washed ■with a small amount of cold water, and dried The yield 
was 0 20 gm (20 per cent of the theoretical amount) After tv\ o re- 
ciystallizations from aqueous ethanol the compound gaie a negatne 
test for the sulfh 5 '’dryl and disulfide groups The rotation was too small 
to be measurable for a 1 per cent solution in 1 n HCl , m p 245-247° (with 
decomposition) 

CijHs 0<N5 Si Calculated C 44 58, H 6 81, N 8 68, S 19 82 
323 Found " 44 68, “ 6 93, “ 8 37, “ 20 07 

SUMMARY 

Cj'steme m ill condense with simple aldeh} des m strongl 3 ’- acid solution 
to yield cysteine mercaptals The C 3 "steine mercaptoles of acetone and 
cyclohe'^anone were prepared under the same conditions 

The authors insh to thank Dr Juhan R Rachele and Miss Josephine E 
Tietzman of this laboratory for the imcroanalyses 
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THE REQUIREMENTS OF THE FATTY AGED OXIDASE 
COIMPLEX OF RAT LRTIR* 

Bt albert L LEHNINGER an-d EUGEN'E P KEKXEDy 
{From the Departments of Surgery and Btochemtslry, Umrersity of Chxcago, Chicago) 

(Received for publication, Januarj 15, 1948) 

In an earher paper it was shown that suspensions of the washed particu- 
late portion of homogenized rat hver readilj’’ oxidized saturated fatty acids 
m the presence of adenosme tnphosphate (ATP), and morgamc phos- 
phate (1) The information outlmed m that paper allowed a quantitative 
analjsis of the products of enzjmiatic fatty acid oxidation to be made (2), 
since such enzjmae preparations were essentiall}' free of endogenous respira- 
torj' activity The oxidation of n-octanoate m these suspensions was found 
to proceed accordmg to the equation, CtHisCOOH + SOj— » 2CH„COCHj- 
COOH 2 H 2 O However, when the oxidation was allowed to take place 
in the presence of oxalacetate, the jneld of acetoacetate diminished and 
citrate accumulated, imphcatmg the Krebs tncarboxyhc acid cj^cle m fatty 
acid oxidation m these enzyme preparations The latter study also jnelded 
some information as to certam features of the mechanism of fatty acid oxi- 
dation, supplementmg the isotope studies of Weinhouse and his colleagues 
(3, 4) and Buchanan et al (5) The gross mechanism of oxidation m the 
hver of the rat, at least, appears to mvolve the successn e oxidative removal 
of 2-carbon umts from the fatty acid These umts (which are not neces- 
sarily identical) may recondense with each other to form acetoacetate or 
they maj^ react with oxalacetate to form tncarboxyhc acids and thus enter 
into the Krebs cjcle 

With this broad outlme of the gross mechanism of enzymatic fatty acid 
oxidation as a guide, attention m this laboratorj' was agam turned to the 
studj of the properties of the fatty acid oxidase complex with the end m 
mmd of dissociatmg and charactenzmg separate reaction steps In the 
course of attempts to isolate mdividual reactions of the highlj' mtegrated 
complex of enzymes by \ anations m the method of preparation, it was found 
that the enzjme sjstem required several factors m addition to ATP and 
^fg'' ' In this paper experiments are desenbed which led to recogmtion of 
some additional cofactors m enzymatic fatty acid oxidation and certam 
properties of the enzjme complex 

* This iniestigation vas supported bj grants from the Albert and Marx Lasker 
Foundation, Inc , the Sidnej and Frances Brodj Foundation, and Mr Ben Maj , 
Mobile, Alabama 
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LIVER FATTY ACID OXIDASE COMPLEX 


EXPERIMENTAL 

Analyhcal Methods — ^Aceioacclate was delciminecl coloumetucallj’' by a 
modificaiion of the method of Gicenbcig and Lostei (G) and citiate by the 
method of Speck, Mouldei, and Evans (7) Octanoate, the fattj' acid used 
as substiate thioughout this investigation, vas estimated in coppei-lime 
filtiates by a specific method devised m this laboiatoiy (8) 

Oxygen uptake -was measuied m Waibuig \cssels equipped ^\lth alkali 
and hltei papei loll iVll manometiic mca‘^ulcments vere made m air at 
30° In the manometnc expeiiments all components of the reaction me- 
dium ^^ele piesent m the mam compaitment of the Warburg vessels, which 
w^eie placed in ciacked ice The ice-cold enzyme W'as added last, and the 
flasks then placed on manometeis and brought to tempeiatuie equilibmim 
in the bath A 5 to 8 minute tempcratuie equilibration peiiod preceded 
manometnc measuiements 

Inoiganic and total phosphouis wais measuied by the Fiske and Subbaiou 
method adapted to photoelectiic measuiement Acid-soluble P, phos- 
phohpide P, and total nucleic acid P WTie sepaiatcd and dctennined by the 
method of Schneider (9) Differentiation between pentose- and desoxy- 
pentosenucleic acid P was made by the method of Sch'midt and Thann- 
hausei (10) 

The radioactivity measuiements weie made on thin layeis of aqueous 
solutions wuth a standard Geiger-hlullei counting tube and conventional 
scahng apparatus 

Piepaialtvc — Adenine nucleotides were prepared as mentioned m a previ- 
ous papei (1) The diphosphopyiidme nucleotide (DPN) used was a prod- 
uct of the Schw’^aiz Laboi atones, stated to be 60 per cent puie Spec- 
tiophotometiic determination (11) of the purity yielded a value of 51 pei 
cent The ladioactive phosphouis wxas obtained m the foim of Na 2 HP^ 04 , 
essentially carriei-fiee, thiough the United States Atomic Energj’- Com- 
mission 

Twm types of enzyme suspension wall be lefeiied to throughout this papei, 
the sahne suspension and the watci suspension, and since the mannei of 
prepaiation of the enzymes is of consideiable importance in their lequiie- 
ments for activity, tins will be desciibed m detail 

The basic material used m the two types of enzyme piepaiation is the 
washed particulate mattei of lat hvei piepaied by a slight modification of 
the method pieviously used (1) Iced lat liver, freshly lemoved from the 
exsanguinated animal, was homogemzed with 2 volumes of ice-cold 0 13 m 
KCl-0 013 M sodium phosphate buffei, pH 7 8 The homogenate wms 
stramed thiough gauze and diluted ivith an equal volume of cold KCl-buffei 
solution The mixture wms centrifuged at 2200g m an angle head centrifuge 
m the cold for 3 mmutes The supernatant was discarded Fresh, cold 
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KCl buffer was added to the residue to equal the ongmal volume of diluted 
homogenate The residue ivas resuspended by shakmg and agam centn- 
fuged m the cold (2 minutes, 2200g) The supernatant was decanted and 
the residue agam taken up m the same volume of KCl-buffer and centn- 
fuged After decantmg the supernatant from the last v ashmg, the residue 
remaimng vas used to prepare the tuo t3'pes of enzjune suspension Foi 
the water suspension the residue v, as taken up m cold distilled HoO to the 
volume of the original diluted homogenate For the sahne suspension the 
residue was taken up m cold 0 13 m KCl-0 013 ji phosphate to the \ olume 
of the original diluted homogenate The sahne suspension is enzymatically 
eqmvalent to the preparation descnbed m a previous paper (1) 

Effect of Suspending Enzyme in Water on Activity Requirements — In an 
earher paper it vas shown that saline suspensions of sahne-washed particu- 
late matter of rat hver readily ovidized octanoate v hen supplemented with 
ATP, iMg^, and phosphate buffer (1) It was also found that if water was 
used instead of sahne for preparation or suspension of the insoluble particles 
no enzjTnatic actmty could be obtamed Potter has mdependently con- 
firmed these findmgs (12) He ascribed the dependence of enzyme activity 
m the presence of sahne m approximately isotomc concentrations to the 
possibihty that the oxidation was takmg place only m mtact cells, a view 
which he has smce abandoned (13) He also found that when the prepa- 
rations made by suspendmg the sahne-washed enzyme m water were tested 
m the presence of extra salt m the Warburg vessel activit}" eould be restored 
in some preparations but the effect could not be consistently obtamed (14) 
We have been able to confirm the restonng effect of salt on the water sus- 
pension of enzjune However, the restoration of activity was found to be 
qmte erratic, some preparations of enzjTne remammg completely inactive 
It was soon found, how ever, that if low concentrations of certam mter- 
mediates of the Krebs tncarboxyhc acid ci'cle w ere present m the reaction 
medium m addition to KCl, ATP, Mg++, and phosphate, uniform restora- 
tion of activity could be obtamed Furthermore, imder these conditions a 
requirement of cytochrome c became much more strongly ei ident than was 
the case with the saline suspensions of enzyme prenousty studied (see also 
Potter (12)) In Table I are shown the data collected from experiments 
designed to compare the requirements for actmty of the saline suspension 
of enzyme and the water suspension of enzyme The saline suspension of 
the enzyme does not require the addition of KCl, malate, or cytochrome c 
for strong actinty, these substances do not accelerate the oxidation greatlj 
when added to the sjstem Howevei, m the water suspension of enzjme 
the absolute nature of the requirement for neutral salt and malate is stnk- 
inglj’^ eiident, as well as the substantial requirement for the presence of 
cytochrome c The cntena of fattj acid oxidase actimty were measure- 



756 


LIVER FATTY ACID OXIDASE COMPLEX 


Dients of oxygen uptake, octanoate disappearance, and acetoacetate 
foiTnation 

Tieatmcnt of the saline-washcd particulate matter of rat liver with water, 
then, leveals that the enzymatic oxidation of octanoate to acetoacetate 
requiies the piesence of ATP, Mg++, a ncutial salt such as KCl, a small 
amount of malate, and cytochrome c If the sahne-washed particles are 

Table I 

Comparison of Requirements of Sahne and Water Suspensions of Enzyme 
In the saline suspension test, the Warburg vessels contained 1 7 ml of saline 
suspension (added last), 0 25 ml of MgS 04 (0 005 m),* 0 25 ml of KCl (0 05 u), 
0 50 ml of phosphate buffei , pll 7 4 (0 01 m), 0 50 ml of ATP (0 0005 m), 0 25 ml of 
sodium octanoate (0 001 lu, total 5 0 micromoles), 0 50 ml of cj tochrome c (1 X 10“‘ 
m), 0 25 ml of sodium /-malate (0 0003 m), and water to make 5 0 ml When the com- 
ponents were omitted, an equal volutm of water was substituted Time, 40 minutes 
In the wfl/cr suspension test, the sjstcm was arranged e\actly as in the sahne suspen- 
sion test Time, 55 minutes 



Oxigen uptal e 

Octanoate 

removed 

Acetoacetate 

formed 



mtcromoles 

micromoles 

mtcromoles 

Saline sus- 

Complete system 

16 7 

4 8 

9 2 

pension 

Octanoate omitted 

2 0 


0 3 


Malate omitted 

14 0 

4 9 

10 4 


KCl omitted 

14 8 

4 8 

9 1 


MgSO« omitted 

4 3 

1 1 

3 4 


ATP omitted 

0 6 

0 4 

0 3 


Cytochrome c omitted 

14 2 

4 4 

8 1 

Water sus- 

Complete system 

13 6 

4 5 

7 9 

pension 

Octanoate omitted 

3 1 


0 1 


Malate oimttcd 

1 0 

0 1 

0 2 


KCl omitted 

1 7 

0 1 

0 0 


MgSO« omitted 

4 3 

1 6 

3 2 


ATP omitted 

0 2 

0 0 

0 2 


Cytochrome c omitted 

3 6 

2 0 

2 0 


* The figures in parentheses refer to final concentration of each component in the 
complete reaction medium This notation is used in all the tables in this paper 


suspended in salme, howevei, they show an absolute requnement foi only 
ATP and Mg++ 

The effects and possible functions of some of the components required for 
fatty acid oxidase activity will now be considered 

Requirement of Adenine Nucleotides — ^Pievious work indicated that in the 
salme suspension of washed livei particles ATP was lequired for fatty acid 
oxidation, wheieas adenosme diphosphate (ADP) and muscle adenylic acid 
were ineffective (1) However, it has since been found that undei certain 
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conditions the three nucleotides are equally effective, both m the saline sus- 
pension and in the water suspension In the earher study the enzyme was 
incubated with all components of the system except substrate for some 5 
minutes (temperature equilibration penod), followed by addition of sub- 
strate from the side arm Under these conditions only ATP was found 
effective However, if all components includmg fatty acid substrate are 
initially present m the mam compartment of the chilled Warburg vessel, 
ice-cold enzyme bemg added last, and the contents then mcubated, all three 
nucleotides are equally effective m activatmg the oxidation Study of the 
rates of dephosphorylation of the nucleotides by the enzyme revealed that 
all three nucleotides undergo rapid dephosphorylation In the 5 mmute 
penod of mcubation before substrate was added (m the earher experiments) 

Table II 

Requirement of Adenine Nucleotides 

The mam compartment of the Warburg vessels contained 0 90 ml of water suspen- 
sion of enzyme, 0 15 ml of MgSOi (0 005 ii), 0 15 ml of KCl (0 05 sr), 0 30 ml of nu- 
cleotide, or adenosine, or adenine, 0 30 ml of phosphate buffer, pH 7 4 (0 01 m), 
0 30 ml of cytochrome c (10"‘ m), 0 15 ml of Z-malate (0 0005 ii), 0 15 ml of sodium 
ootanoate (0 001 m), and water to make 3 0 ml Time, 40 imnutes 



Oijgen uptake 

Acetoacetate fonaed 

0 001 U ATP 

mtcr^oUs 

8 1 

mtcromoUs 

2 6 

0 001 “ ADP 

8 4 

3 0 

0 001 “ muscle adenylic acid 

9 3 

2 6 

0 001 “ yeast “ “ 

1 4 

0 0 

0 001 adenosine 

0 4 

0 1 

0001 " ademne 

0 5 

0 1 

0001 “ DPN (51% pure) 

8 9 

2 4 

00001 “ “ (51% “ ) 

3 2 

0 7 

No addition 

0 7 

0 0 


extensive dephosphorylation and deamination of the nucleotides were 
obviously taking place However, smce ATP has three phosphate groups 
which must be consecutively removed by phosphatase action to form ade- 
nosme, w hich is inactive, it is possible that the apparently specific effective- 
ness of ATP m the earher experiments tvas due to sparmg of some of the 
nucleotide by the presence of the additional phosphate groups After fatt3’^ 
acid oxidation has once begun, phosphorylations coupled to the oxidation 
contmually regenerate ATP or ADP from ademdic acid, as expenments 
below mil show 

In Table II are shown data obtamed mth the water suspension of enzyme, 
indicatmg the effectiveness of the three nucleotides and the meffectn eness 
of yeast adenyhc acid, adenosme, and ademne imder the same conditions 
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In the course of these expeiiments it was found that preparations of DPN 
of appioximately 50 per cent puiity can leplace the adenine nucleotides in 
the system A^Hiethci this is duo to Iho presence of adenine nucleotides as 
impuiities in the DPN picpaiations or to the cnz3'matic scission of DPN to 
form an adenine mononucleotide is not clcai This effect of DPN may be 
lelated to the occasional effectiveness of DPN in i cstoi mg activity of aged 
fatty acid oxidase picpaiations (I) 

Although all thice adenine mononucleotides aie effcctn c in activating the 
oxidation of octanoate, it m^iy not be safelj’- concluded that adenylic acid, 
as the least common denominatoi, is the immediately lequired nucleotide, 
since data lepoited below show that the nucleotides undeigo active aeiobic 
phosphorylation It is quite possible that a mixture of all three nucleo- 
tides may be piesent duimg the oxidation following the addition of any 
one nucleotide, as a lesultant of phosphor^dation and dephosphor3dation 
reactions 

Since eailier woik pointed to ATP as the active nucleotide, a tentative 
hypothesis had been set up at that time conceining the mechanism of action 
of ATP which involved an obhgatoiT phosphorylation of fatty acid by the 
ATP prioi to oxidation (15, 16) This hypothesis gained some expen- 
mental suppoit when it v'as found that sjmthetic acjd phosphates of lugher 
fatty acids (17) rcadilj’’ donated phosphate enzjmiatically to aden3dic acid 
in crude homogenates of lat hvei ^ Subsequently, the development of the 
washed enz3Tne suspension, free of endogenous actn ity (1), allowed a more 
critical test of the S3mthetic ac3d phosphates as mtenncdiates in fatty acid 
oxidation It was found that the washed hvei suspensions, m contrast to 
the crude hvei homogenate, veie not capable of catab'zing the transphos- 
phoiylation reaction obseived in the ciude homogenate Fui therm ore, the 
S3mthetic acyl phosphates show no special activities in either the sahne 
suspension oi tvaler suspension of the washed cnz3Tuc not shoivn b3’' fiee 
fatty acid salts The tiansphosphorylation reaction obseix’-ed in emde hvei 
homogenates, therefore, appears not to be concerned in fatt3'- acid oxidation 
It may, howex'ei, be concerned in othei metabolic reactions of fatty acids 

Reqmi emeni of Inorganic Phosphate — In Table III are shovn results of an 
expel iment demonstiating that the presence of moiganic phosphate is re- 
quired for fatt3’’ acid oxidation Smee the reaction medium was oi dinar il3'' 
buffered ivith inorganic phosphate, it ivas necessary to substitute anothei 
buffer Tiis(hydiox3mieth3d)aminomethane-HCl buffer (18) proved to be 
ideal for the S3’^stem It can be seen that omission of inorganic phosphate 
results in greatly decreased activit3’^ The small amount of moiganic phos- 
phate already present in the enzyme preparations piobabl3>- is responsible 
for this mmimal activit3 Raising the concentration of inorganic phos- 

1 Lehninger, A L , unpublished experiments 



A L LEHMXGER AUD B P KENNEDY 


759 


phate causes concomitant mcreases m the rate of oxidation until a plateau 
IS reached at a concentration of approximately 0 0005 Ji morgamc phos- 
phate Obnouslj, the S 3 ’'stem is capable of functioning maximally iiuth 
rather low concentrations of morgamc phosphate 
The requirement of morgamc phosphate for actmtj’' of the fatty acid 
oxidase ■sj'stem is probably related to the abihty of the sj^stem to cause 
esterification of inorganic phosphate coupled to the oxidation of fatty acid 
In Table R'' are shown supportmg data It can be seen that m the com- 
plete system the oxidation of fatty acid mamtams the level of acid-labile 
estenfied phosphate (P liberated by 7 mmutes hj-^drolysis at 100° mix 


Table HI 

Inorgantc Phosphate Requirement 

The Warburg \ essels confamed 0 90 mJ of icater suspension of enzyme, 0 15 ml of 
MgSO^ (0 005 mIjO 15 m] of KCl (0 05 u), 0 30 ml of cytochrome c (IO'^m), 0 30 ml 
of sodium adenylate (0 001 m), 0 15 ml of octanoate (0 001 v), 0 30 ml of tns(hy- 
droxymethyl)aminomethane HCl buffer, pH 7 5, 0 15 ml of malate (0 0005 xi), con 
centrations of inorganic phosphate indicated beloii , and water to make 3 0 ml Time, 
30 minutes 


Inorgaxuc phosphate 

j O2 Uptake 

1 Acetoacetate formed 

1 

Added 1 

— ■ 1 

Present* 

if 1 


micremoUs 

1 vicromoUs 

0 1 

0 0002 i 

1 3 

1 0 3 

0 0001 1 

0 0003 

2 7 

1 1 4 

0 0002 1 

0 0004 1 

59 1 

2 5 

0 0003 ' 

' 0 0005 ' 

' 7 1 

3 8 

0 0004 

0 0006 ' 

7 2 1 

3 6 

0 001 

0 0012 1 

7 6 1 

3 9 

0 010 

0 010 

7 4 

3 8 


* The enzyme preparation contained sufficient inorganic phosphate to give a con- 
centration of about 0 0002 m 


II 2 SO 4 ) "UTien fatty acid is omitted, there is some mamtenance of the 
estenfied phosphate owmg to the oxidation of the small amounts of malate 
present "^^Tien both substrates are omitted, there is no oxidation and no 
sigmficant maintenance of estenfied phosphate The mamtenance of es- 
tenfied phosphate m the complete sj'stem is probably due to the fact that 
the rate of estenfication of morgamc phosphate coupled to the oxidation of 
fatty acid approaches the rate of dephosphorylation of phosphate esters by 
phosphatases, the result bemg maintenance of the level of estenfied phos- 
phate In the absence of oxidations no estenfication takes place and the 
phosphatases quickly dephosphorjdate the adenme nucleotides and other 
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phosphate esteis present Scveial attempts have been made to demon- 
stiate a ncL synthesis of newly estenfied phosphate by using vaiious phos- 
phate acceptois such as cieatmc, glucose, glucose-O-phosphatc, etc , to trap 
estenfied phosphate Ilowevei, the ncccssaiy tiansphosphoiylascs appear 
not to be picsent m these enzj'me suspensions 

In oidei to demonstrate unequivocally that the maintenance of estenfied 
phosphate shown in Table IV is actually the icsultant of the oxidation- 
coupled synthesis of nev phosphate Imlvagcs and phosphatase action, we 
have allow cd the oxidation of octanoatc to take place m a medium contain- 
ing inoigaiiic phosphate labeled with Aftei completion of the incu- 
bation, tiichloioacetic acid filtiatcs wcic picpaicd and the ladioactivity of 

TAncr IV 

Maintcnmicc of Level of Lhlcnfied PhosTnliatc by Octauoate Oxidation 
The Warburg vessels contained 0 90 ml of water susjicnsion of cnzjmc, 0 15 ml 
ofMgS 04 (0 005m), 0 15 ml of KCl (0 05 m), 0 GO ml ATP (= 227 7 of 7 minute-hjdro- 
lyzablc P), 0 30 ml of cytocliromc c (1 X 10'^ m), 0 30 ml of tris(Iijdro\jmcthyl)- 
aminomethanc-IlCl buffer, pll 7 I (0 01 m), 0 15 ml of octanoatc (0 001 m), 0 15 ml 
of i-malatc (0 0005 m), and lIjO to make 3 0 ml Wlicn romponents were omitted, 
HjO was substituted Tlic suU arm oonlaincd 0 1 ml of 3 n IICl, tipped to stop 
reaction at specified times 



Time 

0 upUikc 

Acctoacc 
late formed 

Inorpanic ? 

7 mm b> 
drolj able P 

1 

mtn 

mtcromohs \ 

mxcromotes 

y 

7 

Complete sj stem 

0 

1 



256 

t( tt 

25 

G 6 

3 0 

14S 

248 

Octanoatc omitted 

25 

1 2 

KM 

278 

105 

l-Malate “ 

25 

1 1 

m 


65 

Both octanoatc and f-malate 

25 

0 3 

WSm 

445 

35 

omitted 

1 

1 

1 

1 





the estenfied fi action of the acid-soluble phosphorus w'as measuied after 
removal of moigamc P'’- by dilution wuth cainei phosphate and sepaiation 
wuth magnesia mixture The results, sliowm m Table clearly demon- 
strate substantial mcoipoiation of inoiganic P^= into the estenfied fraction 
coupled to fatty acid oxidation When octanoate w as omitted, some esteri- 
fication took place owung to the oxidation of the malate present VTiien 
both octanoate and malate were omitted, very little mcoipoiation occurred 
These experiments, therefore, demonstrate that at least part of the fiee 
eneigy released dunng fatty acid oxidation is recovered by coupled synthesis 
of new phosphate bonds 

Malate Requiiemeni — Smee the addition of small amounts of certam inter- 
mediates of the Krebs cycle to the reaction medium wns found to be neces- 
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sarj for complete restoration of the actmty of the ^vater suspension of 
enzjTne, this effect as studied from the standpomt of specificity As has 
been mentioned before, not all preparations lequire the addition of such a 
compound for fatty acid oxidase actmty, presumabl3- because small but 
sufficient amounts of such substances aie already present m some of the 
enzjTne preparations In order to studj' this effect quantitativel3’', it was 
necessar3'^ to use only enz3Tne preparations w hich showed no fatt3’' acid oxi- 
dase actmty unless the acti\ ator of the Krebs cycle was present Such 
preparations i\ere consistentl3 obtamed b3' the simple expedient of makmg 
the enz3Tne preparation m ith only one-half of the tissue concentration ordi- 
nanh’’ used so that the end-product, the water suspension of enz3Tne, con- 

Table V 

Incorporation of Inorganic Phosphate Labeled with P‘- into Eslerified Phosphate 
Fraction Coupled to Fatty Acid Oxidation 
The mam compartment of the Warburg vessels contained 0 60 ml of diluted water 
suspension of enzjTnejO 10 ml of KCl (0 05 m), 0 10 ml of MgSOi (0 005 si),0 20iiil of 
tns(hydro\3’meth3l)aminomethane-HCl buffer, pH 7 5 (0 01 si), 0 40 ml of ATP (0 001 
si), 0 20 ml of C3'tochrome c (1 X 10”‘ si), 0 10 ml of malate (0 0005 si), 0 10 ml of 
ootanoate (0 001 si), 0 10 ml of inorganic phosphate contaimng P” (363,300 counts 
per minute, total), and HjO to make 2 0 ml Incubated at 30° for 8 minutes, taps 
closed and manometnc measurements made for the following 17 minutes 



0 uptake 

Inorganic P 

Estenfied P 

Specific activity 
of estcnfied P 


mtcTCirolcs 

y 

y 

counts per mtn 
per 7 estenjied P 

Complete system (0 time) 


120 

194 

12 


3 2 

166 

157 

1010 

Octanoate omitted 

0 3 

223 

93 

590 

“ and malate omitted 1 

02 

246 1 

54 i 

167 


tamed only about one-half the usual enz3Tne concentration and was some- 
IV hat more thoroughly washed These preparations were used m the 
experiments reported m Table AT In Elxpenments I and II a variety of 
compounds were tested for their abiht3’^ to actwate octanoate oxidation, all 
other known requirements bemg suppbed at optimal concentration The 
criteria used were oxygen uptake and octanoate utilization In the absence 
of added activatmg compound, no octanoate oxidation took place The 
compounds found to be effective m activatmg the oxidation were cis- 
acomtate, citrate, malate, oxalacetate, a-ketoglutarate, succmate, and 
fumarate However, lactate, pyruvate, (ff-)S-h3'drox3’-but3Tate, acetate, 
ascorbate, and dl-phosphomalate w ere found to be inactive when tested at 
the same concentration (0 0005 m) Acetaldehyde showed a shght actn at- 
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mg effect Octanoate oxidation, therefore, lequires the presence of some 
inteimediate of the Krebs tiicaibox'yhc acid cycle othei than pyru\ate 
Fuithei expel imonts disclosed that the late of oxidation of isocitrate to 
a-ketoglutaiate is the slowest oxidative leaction of the Krebs cycle in these 
diluted enzyme pieparations Citrate and cis-acomtate when tested for 
their activating effect on octanoate oxidation show a considerable lag penod 

Table VI 

Requirement of Intermediates of Krebs Cyele 
The mam compartment of the Warburg vessels contained 1 5 ml of dilute ualcr 
suspension (sec the to\t), 0 25 ml of MgSOi (0 005 m), 0 25 ml of KCl (0 05 m), 0 50 
ml of ATP (0 OOOG m), 0 50 ml of phosphate buiTer, pU 7 4 (0 01 m), 0 50 ml of 
cytochrome c (1 X 10“‘ m), 0 25 ml of octanoate (0 001 m), 0 25 ml of activating 
substrate (0 0005 m), and i\atcr to make 5 0 ml In Experiment III, 0 01 m malonatc 
was also present Time, GO minutes in each experiment 


Experiment No 

Actisxtor * 

Oj uptal e 

Octanoate utilised 

I 

None 

mxcroiroJes 

0 1 

micTOfoUs 

0 2 


1-MaIatc 

18 8 

4 9 


Oxalacetate 

17 6 

4 9 


dl-/3-Hydroxybutyrato 

1 7 

0 2 


Pyruvate 

2 5 

0 3 


Acetaldehyde 

4 0 

0 6 


d2-Phosphomalato 

1 0 

0 1 


Acetate 

1 2 

0 2 

II 

None 

0 9 

0 4 


cts-Acomtatc 

8 2 

2 4 


Citrate 

8 0 

2 7 


a-Kctoglutaratc 

10 1 

3 7 


Succinate 

10 2 

3 9 

1 

Fumaratc 

10 0 

3 9 


Lactate 

1 2 

0 6 


Ascorbate 

1 1 

0 3 

III 

None 

0 0 

0 2 


a-Ketoglutarate 

1 3 

0 4 


Succinate 

0 1 

0 1 


2-Malate 

4 2 

1 2 


Oxalacetate 

4 4 

1 5 


befoie extensive lemoval of octanoate occurs No lag peiiod is obseiwed 
with a-ketoglutaiate, succinate, malate, oi oxalacetate under the same con- 
ditions Tentatively, the presence of citiate oi the oxidation of citiate to 
a-ketoglutaiate may be excluded as the activating factoi 
Further localization of the activating reaction ivas achieved by the use of 
malonate as an inhibitor of succinic dehydrogenase (Table VI, Experiment 
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HI) Although malonate also inhibited fatty acid oxidation strongly m 
these experiments,* it was found that citrate, a-ketoglutaiate, and succinate 
failed to actirate octanoate oxidation m the presence of malonate, whereas 
malate and oxalacetate were still capable of activatmg the oxidation The 
activatmg effect of the mtennediates of the ICrebs C 3 ’^cle maj'^ therefore be 
tentative^ localized to some effect of the presence of malate or oxalacetate 

Previous work has shown that mtennediates of the ICrebs cycle, when 
added to the saline suspension of enzjnne, cause a decrease m 3 aeld of aceto- 
acetate from the theoretical 2 moles per mole of octanoate oxidized, some of 
the fatty acid carbon bemg diverted into the formation of citrate via a 2- 
carbon intermediate (2) The present stud 3 '^ mdicates that malate or oxal- 
acetate IS required m the water-treated enzyme for the oxidation of 
octanoate to acetoacetate The latter findmg implies that malate actually 
has two distmct functions m the oxidase system, one to activate the oxida- 
tion of octanoate to acetoacetate (or the 2-carbon intermediate), and the 
other to react with 2-carbon umts to form citrate and thus cause fatty acid 
oxidation products to enter the Krebs cycle The results of the experiment 
presented m Table Mil illustrate the dual function of malate m the fatty 
acid oxidase system In this experiment the water suspension of eDZ 3 me 
was allowed to act upon octanoate m the presence of varying concentrations 
of malate Measurements of oxygen uptake, octanoate utilization, aceto- 
acetate formation, and citrate formation were made In the absence of 
added malate there was no oxidation of octanoate With 0 0001 m malate 
suboptimal oxidation of octanoate occurred At 0 0005 Ji malate concen- 
tration, maximal octanoate disappearance occurred Somewhat less than 
the theoretical 3 neld of 2 moles of acetoacetate was formed per mole of 
octanoate disappeanng Raismg the malate concentration from 0 0005 m to 
as high ns 0 02 Ji caused no mcrease m the octanoate utihzation, but pro- 
duced a great decrease m 3 ueld of acetoacetate and a great mcrease m 3 neld 
of citrate Therefore, it is clear that a small amount of malate is required 
to imtiate oxidation of the fatty acid, m higher concentrations malate has 
the additional effect of divertmg fatty acid carbon from acetoacetate for- 
mation mto citrate formation, probably by furmshmg a greater suppty of 
oxalacetate for condensation to form tncarboxyhc acid 

The amounts of malate required for the primary phase, i e catatysis of 

• It has been found that malonate has i aryxng inhibitorj effects on the fattj acid 
oxidase system, depending on the strain of rat used for preparation of the enzj me 
Preparations made from luers of Sprague-Davlej rats are not inhibited more than 
about 25 per cent bj 0 01 m malonate In an earlier paper (2) all experiments were 
done Math this strain in the presence of 0 01 m malonate to minimize endogenous res 
piration Hon e\ er, preparations made from hi ers of other strains of rats are much 
more sensitive A heterogeneous stock colony used in this nork shoned great sensi- 
tiiaty , 0 002 m malonate produced 50 to 75 per cent inhibition of octanoate oxidation 
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oxidation of octaiioate to the stage of acetoacetate or the hypothetical 2- 
caibon fiagment, aie quite low and, compaied to the amounts of octanoate 
utilized, are catalytic in magnitude For instance, m Table VII, at a 
malate concentration of 0 0001 m (total malate added, 0 5 micromole) 1 5 
miciomoles of octanoate disappeared The addition of 1 molecule of 
malate, which itself is undeigoing continuous oxidative removal, therefore 
sufficed to cause the disappear ance of 3 molecules of octanoate When 
malate was omitted, no significant disappearance of octanoate occurred 
Since the saline suspension of enzyme does not require the addition of 
catalytic amounts of malate oi oxalacetate, it is possible that the activating 
mtei mediates are actually present m the particulate material but are “re- 

Table VII 

Effect of Malate Concentration on Products of Octanoate Oxidation 
The Warburg vessels contained 1 60 ml of dilute water suspension, 0 25 ml of 
KCl (0 05 m) 0 25 ml of MgSO^ (0 005 m), 0 60 ml of ATP (0 0005 m), 0 60 ml of 
cytochrome c (1 X 10"' m), 0 25 ml of octanoate (0 001 m = 6 micromoles), 0 25 ml 
of malate in the concentrations listed, 0 60 ml of phosphate buffer, pH 7 4 (0 01 xi)> 
and water to make 5 0 ml Time, 65 minutes 


Malate 

concentration 

Octanoate 

Oi uptake 

Octanoate 

utilized 

Acetoacetate 

formed 

Citrate formed 

if 


micromoles 

micromoles 

micromoles 

micromoles 

0 ' 

4- 

0 0 

0 2 

0 0 

0 3 

0 0001 

4- 

2 3 

1 6 

2 7 

0 4 

0 0005 

— 

4 4 


0 3 

0 6 

0 0005 

4- 

10 4 

3 0 

4 3 

1 2 

0 002 

— 

6 8 


0 0 

1 0 

0 002 

4- 

12 1 

3 1 

3 3 

2 8 

0 008 

+ 

13 2 

3 1 

1 8 

3 4 


— 

G 6 


0 1 

1 2 

0 02 

4- 

14 0 

31 

0 8 

5 6 


leased” fiom the particles by treatment with water, causmg dilution beyond 
an active concentration This explanation may also account for the neces- 
sity of addmg cji;ochrome c aftei water treatment, smee the saline suspen- 
sion does not lequire the addition of cytochrome c for strong activity If 
this particulate mateiial repiesents some subcellular stiucture preexisting m 
the cell, it IS possible that subjectmg the particles to hypotonic solutions 
causes a change m pei-meabihty of a limitmg membrane with loss of solutes 
from within the structuie Certain intracellular inclusions are known to be 
sensitive to changes in osmotic pressure (19) 

Effect of Salts — One of the stnlung properties of the watei suspension of 
enzyme is the complete dependence on KCl foi activity We have investi- 
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gated the etfect of variations in the activity of the enzyme caused by van- 
ation m KCl concentration and also the activity of a vanety of other com- 
pounds substituted for KCI In Fig 1 are shown the effects of varymg KCl 
concentrations on the oxidase activity and comparable experiments m which 
NaCl, sucrose, glycme, and urea vere substituted for KCl The cnteria of 
actmtj vere oxj'gen uptake and acetoacetate formation Smce a number 



MOLAR CONCENTRATION 

Fig 1 Effect of salts and non-electrol3rtes on fatty acid o-adase activity The 
mam compartment of the Warburg vessel contamed 0 90 ml of water suspension of 
enzj-me, 0 15 ml of MgSOi (0 005 m) , 0 60 ml of ATP (0 001 m) , 0 30 ml of cjdochrome 
c, 0 30 ml of phosphate buffer, pH 7 4 (0 01 m), 0 15 nil of malate (0 0005 ii), 0 15 ml 
of octanoate (0 001 ji) , vanous compounds in final concentrations o\ er the range indi- 
cated m the figure, and water to make 3 0 ml The time varied between 50 and 70 
mmutes in the different expenments 100 per cent activity represents acetoacetate 
formation from octanoate in a sjstem contaimng 0 05 ii KCl 

of different ensjune suspensions were used, a standard system contaimng 
0 05 M KCl was assumed to be 100 per cent active and all activities v ere 
expressed m per cent actn ity of this standard ^"stem In all cases 0x3 gen 
uptake and acetoacetate formation were parallel 
It can be seen from Fig 1 that KCl was maximally effective m a -nude 
range of concentration from 0 05 11 to 0 12 m Half maximal activation w as 
shown bj-^ a concentration of about 0 02 11 Sodium chlonde appears to be 
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equally effective m substituting foi KCl Sui prisingly , sucrose showed a 

neaily identical effect. Clj’^cinc, which is not oxidized in these prepara- 
tions, was also active, although much higher molai concentrations (0 20 m) 
weie necessary to achieve maximal activation Urea showed some effec- 
tiveness at 0 02 M, none at higlici conccntiations 
Other findings may be summaiizcd Glucose, fructose, and xylose 
showed strong activating ability, whereas gb^ceiol, acetone, acetamide, 
glj'-cogen, and ethylene gljcol wcie inactive C’aleium, magnesium, and 
barium salts veic ineffective Lithium chloiide was as effective as KCl or 
NaCl Alanine vas somevhat less effect ue than glj’’cine 
The lequiicment of salts (oi solutoO foi oxidatne aclnity is not limited 
to fatty acid oxidation The oxidation of malatc and the oxidation of 
pjuruvate to acctoacetatc by the « a(ci suspension of enzyme are also com- 
pletely dependent on the presence of a solute (sec Table 

Tadlf VIII 

Salt Requirement in Oxidation of Malate and Pyruvate 
The Warburg vessels contained 1 0 ml of water suspension of cnzjmc, RlgSO^, 
KCl, phosphate buffer, cytochrome c, and ATP in the same concentrations ns in the 
standard system of Table II plus pyruvate (0 01 m) or malatc (0 01 m) (octanoate 
was not present) When KCl vas omitted, vatcr was substituted Total volume, 
3 0 ml Time, 40 minutes 


Substrate 

KCl j 

Oj uptake 

Acctoacetate formed 

Pyruvate 

1 

+ 

mcTomoIes 

3 2 

mtcTomoUi 

3 1 


— 

0 1 i 

0 0 

i-Malate 

-h 

4 8 1 


<( 

— 

0 1 j 



Potter has presented some emdence that potassium ions have a specific 
effect in activating the fatty acid oxidase (12) We have found no essential 
difference between potassium and sodium chloride as activators of the sys- 
tem However, since KCl was used in the preparation of the enzyme, it 
appeared that sufficient potassium ions were present in the enzjune to cause 
maximal activation In order to test this, a sample of wafer suspension of 
enzyme was prepared with 0 13 m NaCI-0 013 m phosphate buffer as the 
homogenizing and washing medium instead of the KCl-phosphate mixture 
The washed residue was taken up m water and tested in the presence of 0 05 
M NaCl and 0 05 M KCl in separate flasks Both shov ed the same activity 
Anatysis of the enz 3 mie prepared with potassium-fiee reagents showed that 
1 0 ml of enz^one contained 0 0023 milliequivalent of total potassium If 
potassium is a specific requuement of the oxidase, its effect is maximal at 
concentrations of approximately 0 0007 m in the test system 
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During the course of these experiments it was obsen ed that the complete 
reaction medium, contammg the water suspension of enzyme and aU com- 
ponents required for actmty, presented a more opaque or turbid appearance 
in transmitted hght than did the same medium with the activatmg salt 
omitted This observation led to experiments on the water suspension of 
enzyme to determme vhat physical changes could be bi ought about by the 
addition of salts, non-electrolytes, etc It was found that when KCl was 
added to the water suspension of enzyme to make a concentration of between 
0 07 and 0 15 M there was an immediate change from a relatively transparent 
to an opaque appearance On centnfugmg, a cream-colored precipitate 
separated sharply, leaxnng an almost clear supernatant contaimng hemo- 
globm On the other hand, the untreated water suspension of enzyme when 
centrifuged under the same conditions, yielded a small amount of reddish 
brown precipitate which did not separate sharply from the very turbid 
supernatant The effect of KCl on the water suspension of enzyme is to 
bnng about a flocculated condition of a component of the suspension 
Since the presence of neutral salt is required for fatty acid oxidase actmty, 
this flocculated condition of the enzyme suspension appeared to be asso- 
ciated with the enzyme activity and the dispersed condition (absence of salt) 
with inactivity 

That this assumption is vahd was proved by the foUowmg experiment m 
which the material flocculated from water suspension of the enzyme by KCl 
was separated and tested for enzyme activity 9 ml of water suspension of 
enzyme were treated with 1 0 ml of 1 0 m KCl, allowed to stand for 5 mm- 
utes m an ice bath, and then centrifuged m the cold The shghtly turbid, 
pink supernatant was decanted, leavmg a well packed, cream-colored pre- 
cipitate which was taken up m ice-cold distilled water to make 10 0 ml 
Samples of the onginal water suspension, the resuspended KCl-precipitated 
matenal, and the supernatant from the latter were assayed for fatty acid 
oxidase activity The results are given m Table IX, Experiment I It is 
obvious that the matenal flocculated by KCl contains all of the oxidase 
activity of the ongmal water suspension, the supernatant ha\mg no actmty 
In another experiment, the salt-flocculated enzyme was washed mth 
another portion of 0 1 M KCl and then resuspended m water and tested for 
actmty to determme whether traces of the onginal supernatant w ere neces- 
sary for actmty This precipitated, washed enzyme was found to be 
strongly active (Experiment II, Table IX) The data show that this salt- 
precipitated enzyme also requires neutral salt for actmty, as w ell as other 
components known to be required by the water suspension of washed li\er 
residue 

Analysis of the iLoter suspension and the KCl-precipitated enzyme ob- 
tamed from the water suspension for dry weight, total mtrogen, total phos- 
phorus, phosphohpide phosphorus, and nucleic acid phosphorus revealed 
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that the salt-piecipitated matcuul contained about 77 pei cent of the dry 
weight, 72 pel cent of the total nitiogen, 77 pet cent of the total phosphorus, 
75 pel cent of the phosphohpidc P, and 95 pei cent of the nucleic acid P of 
the oiiginal watei suspension of enzyme The salt-piecipitated enzyme 
was neaily devoid of cytochiorae c, the lattei icmainmg in the supernatant 
Anabasis (10) of the salt-piecipitated enzyme levealed that the nucleic acid 
piesent was a mixture of the pentose and desoxypentose types in about 
equal piopoitions 


Tahle IX 

Fatly Actd Oxidase Activity of ^[atcrlal Precipitated by KCl from h alcr Suspension 
The main compartment of the Warburg vessels contained 0 90 ml of enzyme sus- 
pension as indicated below , 0 15 ml of MgSOi (0 005 m), 0 15 ml of IvCl (0 05 ji), 
0 30 ml of ATP (0 0005 m), 0 30 ml of phosphate buffer (0 01 m), 0 30 ml of cjto- 
chiomc c (1 X 10~‘ m), 0 15 ml of sodium octanoatc (0 001 m), 0 15 ml of malate 
(0 0005 m), and water to make 3 0 ml When KCl w'as introduced with the cnzjme 
(supernatant), the KCl concentration added to the flask was compensated to give 
a final concentration of 0 05 m Time, 50 minutes in E\pcriment I, G5 minutes in 
Experiment II 


Export 

mentNo 

Enzjme source 

Oi> ECU 
uptake 

Acctoace 
late formed 



vxcromolcs 

mcromoUs 

I 

Water suspension, complete system 




Same, octanoate omitted 

3 2 



KCl-pptd material, complete system 

mm 



Supernatant, complete system 




KCl-ppt -p supernatant, complete system 



II 

KCl-pptd enzyme, washed once with 0 1 m KCl, com- 




plete system 

8 3 

3 5 


Same, octanoate omitted 

2 6 

0 0 


Malate omitted 

1 3 

0 9 


Cytochrome c omitted 


0 3 


KCl omitted 

11 

0 1 


ATP “ 


0 0 


1 Mg++ “ 

2 9 

0 4 


NaCl, LiCl, and sucrose also cause the flocculation of the enzjrme complex 
from the water suspension 


DISCUSSION 

In earlier papers (16, 1) the senior author elaborated a worlong hj’^pothesis 
foi the observation of Leloii and Munoz (20, 21) that the presence of 
adenylic acid and fumarate was required to demonstrate the oxidation of 
butyrate by a washed preparation of gumea pig hver It was proposed that 
these two factors were necessary to cause the enzymatic generation of 
adenosine tnphosphate from adenyhc acid coupled to the oxidation of fuma- 
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rate and that ATP w as actually the immediately necessary cofactor for fatty 
acid oxidation As it happened, experiments based on this hypothesis 
proved highly successful m subsequent work (1), although the data pre- 
sented in this paper make that hjqiothesis somewhat less tenable Both 
adenine nucleotide and malate or oxalacetate appear to be required for 
enzjTnatic fatty acid oxidation, ATP is not capable of substitutmg for the 
two required compounds ' This requirement of the sj stem became obvious 
only after some mampulations of the enzjmie, which resemble those em- 
ployed by Leloir and Munoz The latter mvestigators apparently did not 
recognize fully the requirement for salts or non-electrolytes demonstrated m 
this paper, this factor may possibly account for the erratic activity of their 
enzyme preparations 

The findmg that an mtermediate of the Krebs cycle is required m addition 
to ademne nucleotide makes possible a closer correlation of the properties of 
the enzyme from gumea pig hver studied by Leloir and Munoz, the fatty 
acid oxidase of heart muscle (22), and the oxidase system of rat h\er studied 
here, aU of which require both ademne nucleotide and malate or oxalacetate 

The mechanism of action of the required mtermediate of the Krebs cycle, 
which our experiments tentatively mdicate to be either malate or oxalace- 
tate, is obscure and considerable work on this phase of the oxidation has not 
yielded fully defimtive results However, the data presented clearly mdi- 
cate two separate functions for malate (or oxalacetate) m fatty acid oxi- 
dation, one, to help uutiate the oxidation to the stage of acetoacetate (or the 
hypothetical 2-carbon mtermediate) , the second, to engage m condensation 
reactions with the 2-carbon mtermediate to form tncarboxyhc acid, thereby 
causmg fatty acid oxidation to occur through the Krebs cycle via the 
2-carbon umt stage (2) 

The requirement of salts or certam non-electrolytes m approximately^ 
isotomc concentration for the preparation and activity of the fatty' acid 
oxidase is an unusual findmg m the hght of known enzyme and protem 
projierties It is tempting to assume that these particles, catalyzmg the 
reactions of the ICrebs cycle and fatty acid oxidation wnth accompanying 
aerobic phosphorylations m a highly' integrated manner, preexist as such m 
the mtact hver cell However, exammation of isolated nuclei, mitochon- 
dria, and microsomes prepared by the method of Schneider (23) for fatty 
acid oxidase activity has given no positive results, all fractions bemg com- 
pletely inactive m the test system descnbed m this paper This approach is 
complicated by the strong possibility' that the enzy'me system becomes 
inactivated durmg the course of the fractionation procedure 

SUMXLART 

Particulate matenal separated from rat hier homogemzed m isotomc 
salt solutions, washed with sahne, and then suspended in valcr showed no 
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activity in the oxidation of fatty acids when supplemented with ATP, 
Mg++, and phosphate biilTei When the material was suspended in salnic 
instead, the piepaiations weie highly active with the supplements named 
Howevei, the fatty acid oxidase activity of the loaler suspension of the 
particles could be completely lestorcd m the presence of ATP, J\'lg++, phos- 
phate buffei, cytochiome c, neutial salts, oi certain non-electiolytes such as 
sucrose, and catalytic amounts of malate or oxalacetate The function of 
the inoiganic phosphate was found to he in its participation m coupled oxi- 
dative phosphoiylation by the use of P^- as a tracer The action of malate 
or oxalacetate has two distinct phases one, to initiate the oxidation of 
octanoate to the stage of the 2-caibon intermediate, and the second, to cause 
the lattei to enter into the Kiebs cycle by forming tiicarboxyhc acid The 
function of the neutial salts m the fatty acid oxidase system appeals to he 
in the pioduction of an enzjTnatically active “flocculated” form of the 
enzjme from an inactive “dispersed” form 

The authois aie indebted to Sylvia Wagnci Smith foi tcchmcal assistance, 
to Morns E Fiiedlcm for assistance in the execution of expeiiments mvolv- 
ing radioactive phosphate and cci tain analjdical data, to Dr Lillian Eichel- 
berger for geneiously peiforming some potassium determinations, and to the 
United States Atomic Encigy Commission for making available the radio- 
active phosphorus used in this investigation 

Addendum — Since this manuscript \\ is prcpaied for publication, wc have published 
a preliminaiv report (24) in ^\lllch data were presented to show that the fatty acid 
oxidase activity is present exclusively in the mitochondria fraction of rat liver pre- 
pared by the method of Hogeboom, Schneider, and Pallade (25) 
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RAPID DETERMINATION OF ti-OCTANOIC ACID* 

Br ALBERT L LEHKINGER and SYLVIA WAGNER SMITH 
{From the Departments of Surgery and Btochemtstry, University of Chicago, Chicago) 

(Received for publication, January 15, 1948) 

The lack of rapid, specific methods for routme detemimation of the 
saturated fatty acids has been an impediment m the study of en 2 ymatic re- 
actions of fattj acids The classical steam distillation and titration tech- 
nique applied to the higher steam-volatile fatty acids, such as n-octanoic 
acid, in amounts likely to be used in tissue shce or enzjune experiments has 
been found to be completely madequate on the basis of the labor and time 
imohed in the distillations, the lack of specificity vithin the homologous 
series of steam-\ olatde fatt}’- acids, and the uncertain accuracy For in- 
stance, Leloir and Alunoz have used the distillation technique m the analy- 
sis of octanoic acid m tissue shce media and report consistently incomplete 
recovenes, with negative errors as large as 27 per cent, m the distillation 
and titration of 5 to 20 micromole quantities (1) 

In this paper is described a method for rapid determmation of n-octanoate 
nhich ve have used extensively in this laboratory m the study of the enzj’'- 
matic oxidation of fatty acids The method responds only to normal sat- 
urated fatty acids havmg from 7 to 10 carbon atoms, as far as is known, and 
IS analytically useful for n-octanoic and n-nonanoic acids Higher and 
louer fatty acids give no response vith this method, nor do anj’- of a large 
senes of compounds likely to be present m biological s 3 ’’stems The method 
to be descnbed has an effective range of 2 to 7 micromoles of octanoate In 
addition, details of a micro modification are given which allow determma- 
tions m the range of 0 4 to 1 4 micromole 
Principle of Method — A. copper-hme filtrate contaimng the fatty acid is 
acidified and extracted with petroleum ether m a glass-stoppered centrifuge 
tube The aqueous phase is removed with a capillary pipette The petrol- 
eum ether extract is freed of mterfermg substances formmg insoluble silver 
salts (chlondes, etc ) by washmg vuth water The fatty acid is then ex- 
tracted mto 01 k NaOH A sample of the NaOH layer is brought to pH 
5 6 with acetic acid and silver nitrate is added, formmg a turbidity con- 
sisting of insoluble silver octanoate which is stabihzed vith gum ghatti 
The optical density of the turbidity is proportional to octanoate concentra- 
tion within limits and is measured in a photoelectric colonmeter 

* This investigation was supported by grants from the Albert and Alarj Lasker 
Foundation, Inc , the Sidnev and Frances Brod 3 Foundation, and Mr Ben Maj , 
Mobile, Alabama 
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The exti actions and washing are pcifoiTned in a single vessel, a glass- 
stoppered, conical tipped centiifugc tube Since the time factoi is not 
ciitical in any phase of the dcteimination, the numbei of samples whicli maj 
be lun simultaneously is limited by the capacity of the shaking apparatus, 
which IS convenient but not essential foi the analysis 

The specificitj’- of the method foi the saturated noi-mal fatty acids having 
fiom 7 to 10 caibon atoms is due to two factors fatt}’- acids having less 
than 7 caibon atoms arc less readily extiactcd from water solution by 
peti oleum ethci and have i datively soluble silver salts, and fatty acids 
having moie than 10 caibon atoms foim insoluble calcium oi copper salts 
and aie completely icmoved m the coppei-hmc dcproteinization treatment 

Reagents — 

1 CuS 04 solution 20 0 gm of CuSO^ 514:0 pci 100 ml of solution 

2 Calcium h}^!! oxide suspension 10 pei cent suspension m water 

3 Metaphosphoiic acid solution 15 0 gm made to 100 ml 

4 Skell 3 ’'solve B (peti oleum ethei, stated by the manufactuier to be 
essentially ?i-hexane, boiling range 00-71°) 

5 Sodium hydi oxide solution adjusted to 0 100 n This solution must 
be fiee of chloiidc ion 

6 Acetic acid-gum ghatti solution 13 0 ml of glacial acetic acid aie 
diluted vnth appioximately 150 ml of H:0 To this solution are added 
15 ml of 1 pel cent gum ghatti solution The mixture is made to 500 ml 
with HiO and filteied Tlie gum ghatti solution is prepaied bj’’ suspending 
1 0 gm of gum ghatti (Sargent) m a gauze bag in 100 ml of H 2 O overmght 
at room tcmperatuie, followed by filtiation The combined reagent is 
stable for as long as 6 weclvs at 100 m tempeiature This solution must be 
chloride-free 

7 1 5 M silver nitrate 

8 Stock standard octanoate solution 1 58 ml of n-octanoic acid (East- 
man, redistilled) aie dissolved in 50 ml of wai-m 0 21 n NaOH with shalung 
and made to 100 ml with H 2 O This solution, vhich is 0 10 m (100 micio- 
moles pel ml ) is kept in the lefngciatoi Befoie use it is allowed to waim 
to 30° and shaken thoioughly 

Apparatus — 

1 40 ml glass-stoppeied, comcal tip centrifuge tubes Maizel-Gerson 
reaction vessels (without stop-cock, supplied by the TViUcens-Andeison 
Company, 111 North Canal Street, Chicago) have been used in this labo- 
ratory 

2 Shalong machine We have used the International No 2 machine, 
adapted to hold sixteen tubes It is lecommended that the shaking tmies 
necessary foi complete extraction of fatty acid into and out of Skellysolve 
be determmed foi the paiticulai machine and shakmg late used 
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3 CapiUarj pipettes, drai\Ti from glass tubmg These are connected 
with rubber tubing to a ground glass stop-cock, which m turn is connected 
with flexible mbber tubing to a large suction flask and a water aspirator 

4 4 0 ml traasfer pipettes 

5 Tubes to fit the photoelectnc colorimeter The method as descnbed 
was designed to 3neld 5 2 ml of suspension to be read m the E\ el3'n photo- 
electric colorimeter, wnth the G ml opening w ith standard Evel3’Ti tubes 

Procedure 

Extiaclion of Oclanoale 2 nto SI cUysolve B — ^An ahquot of protem-free 
filtrate (the deprotemization procedure is considered in a sepaiate section) 
contaiiung between 2 and 7 micromoles of octanoate (0 20 to 0 70 ml of 
001 N acid) IS placed in a 40 ml glass-stoppered, comcal tip centrifuge 
tube and 1 0 ml of 15 per cent metaphosphonc acid is added The i olume 
IS made to 10 0 ml with H;0 To the mixture aie added 10 0 ml of SkeU3^- 
solveB The tubes aie stoppered and shaken for 5 mmutes The aqueous 
phase (loner la3er) is then remo^ ed from each tube b3 means of the drawn 
out capillai3’- pipettes attached via rubber tubmg and a glass stop-cock to 
a water aspuator Removal of the aqueous la3’'er can be made essentiall3’ 
complete, smce the comcal tip of the tube and the control provided by the 
gla^ stop-cock allow remoi al of aU but a very small drop of the aqueous 
phase 

^'^ashtng of SJ^Uysohe Extract — ^To each tube are added 10 0 ml of HjO 
(chlonde-free), the water bemg allowed to nnse the surface of the ground 
glass ]omt The tubes are restoppered (the stoppers meanwhile having 
been rinsed in a stream of chlonde-free water) and agam shaken for 5 mm- 
utes The aqueous la3nr is removed as completely as possible, agam with 
capillaiy' pipettes and a suction hne 

Extraction of Octanoate into Aqueous NaOH — ^To each tube are added 
5 0 ml of 0 100 N NaOH The tubes are stoppered and agam shaken for 
5 mmutes 

Development of Turbidity — A 4 0 ml sample of the NaOH la3 er is re- 
moved with a 40 ml transfer pipette The upper end of the pipette is 
closed with the pipette finger as the pipette is passed down through the 
upper layer of Skell3'solve to prei ent remonng any solvent with the aque- 
ous layer The pipette is iviped with gauze to remoie adhermg Skell3'- 
solve and the contents dehvered mto a colorimeter tube contammg 1 0 ml of 
the acetic acid-gum ghatti solution The contents are mixed b3' shakmg 
To each tube is added 0 20 ml of 1 5 m AgNOj, causmg the formation of a 
turbidit3’^ due to siher octanoate The contents are immediateh mixed 
b3 shakmg The turbidities are read m a photoelectnc colorimeter with 
a 660 m/1 filter The tubes are shaken just before the readmg is taken 



77G 


DETKKMINATION OP n-OCTANOIC ACID 


Oidmaiily we have made the rcadmgb 15 minutes aftci addition of the 
silvei mtiate, but the tuibidities lemam constant for an hour 

Coloi iincici Blanl — ^Tlic blank tube contains 4 0 ml of 0 1 n NaOH, 1 0 
ml of the acetic acid-gum ghatti solution, and 0 20 ml of 1 5 m AgNOa 
This tube is used to set the galvanometer (in the case of the Evelyn 
mstiument) at 100 

Standard Ciavc — A standaid cuivc relating miciomoles of octanoate to 
coloiimetei leadings is prcpaicd foi each new batch of reagents The 
standaid cuive obtained can be consistently duplicated uith the same batch 
of leagents, thciefoie in piacticc only a single standaid is run nith each set 
of deteimiiiaiions Tlic slock standaid solution (100 micromoles per ml) 
IS diluted 1 100 to prepaic a woiking standaid containing 1 0 micromole of 



Fio I Standard curve for deteiminntion of 7!-octanoic acid 


fatty acid pei ml Aliquots coucsponding to betiveen 1 0 and 8 0 micro- 
moles aie earned tluough the entne piocediue, including the depioteiniza- 
tion steps In Fig 1 is shown a typical standaid cuiwe prepared for oc- 
tanoic acid Only the Imeai poition of the cuive is used, smee below 2 0 
and above 7 to 8 miciomoles of fatty acid the tuibidity is no longei lineai 
Avoage Euat of Single Deleuninahons — Seveial sets of evpeimients to 
test the reliability of single deteimmations and actual use of the method 
applied to studies of the fatty acid oxidase system (see the piecedmg paper) 
mdicate that the aveiage eiior of a single deteimmation does not exceed 
3 5 pel cent This figuie compaies veiy favoiably with the lvalues obtained 
by Lelon and Munoz (1) for distillation and titration of octanoic acid m 
amounts ranging from 5 to 20 micromoles They repoited consistently in- 
complete lecovenes, with errors rangmg from —16 to —27 per cent 




A li LEHM^GER AND S W SJHTH 


777 


Dcproieimzalion — study was made of vanous deprotemization pro- 
cedures to detemune the best method from the standpomt of completeness 
of recovery and elimination of mterfermg materials which cause formation 
of emulsions The modified copper-hme treatment described below is the 
only one of many procedures tested which proved to be satisfactory Tri- 
chloroacetic acid, tungstic acid, metaphosphonc acid, and heat coagulation 
were found to cause n-octanoic acid to become adsorbed on the coagulated 
protem to such an extent that m many cases no octanoic acid whatsoever 
could be recovered m the filtrate This is not particularly surpnsmg, 
smce the fatty acids, havmg 7 or more carbon atoms, are very spanngly 
soluble in acid solution and are highly surface-active However, the alka- 
hne conditions prevaihng m the copper-hme treatment favor complete 
recovery of heptanoic, octanoic, and nonanoic acids from protem-contam- 
mg mixtures Even with this method of deprotemization there are defi- 
mte hnutations to the conditions under which fatty acid may be recovered 
completely from protem-contaimng mixtures For this reason conditions 
must first be established fox complete recovery of fatty acid from the mate- 
nal to be analyzed 

The method has been used for the determination of fatty acid added as 
substrate to a buffered medium m which tissue shoes were shaken m War- 
burg vessels In such experiments no difiSculty was expenenced m re- 
covermg added octanoate After completioe of the experiment the shces were 
removed from the Warburg vessels and an ahquot of the medium removed 
for treatment as descnbed below 

Fatty acid determinations m tissue suspensions or homogenates, how- 
ever, are subject to defimte hmitations because the ratio of fatty acid con- 
centration to tissue concentration is critical m obtainmg complete recovery 
of fatty acid by the deprotemization procedure descnbed below or by van- 
ations thereof In Table I are shown recovenes of a standard amoimt of 
octanoate from a standard volume of mixture contaimng varmble amounts 
of rat hver homogenized m water It can be seen that as the tissue con- 
centration is mcreased a pomt is reached at which the recovery of a known 
amount of octanoate falls off considerably 

In general, octanoate may be recovered quantitatively from suspensions 
contaimng as much as 10 per cent tissue, provided the suspension is diluted 
vnth at least an equal volume of water before apphcation of the copper-hme 
treatment The concentrations of copper sulfate an cdalcium hj'^droxide 
suspension used m the method as descnbed below are optimal, mcreasmg 
these concentrations or altenng their ratios does not lead to increased re- 
covery at very high tissue concentrations 

In Table II are shown recovenes obtamed m a case m which conditions 
were satisfactory for complete recovery of a wide range of octanoate con- 



778 


niTl’l'.RMINATION OR 71-OCTANOIC ACID 


centiutions The expeiimeuis dcfacnbcd in Tables I and II may be used 
as a guide in establishing the piopei depiotemization method when analy- 
sis of fatty acid m given enzyme prcpaiations or bacterial suspensions 
IS desiicd 


Taude I 

Effect of Tissue Concentration on Recovery of Standard Amounts of n-Octanoic Acid 

from Rat Liver Homogenate 

Each tube contained 1 00 ml of octnnoatc (12 0 micromoles), vater, and rat liver 
homogenate to make a total volume of C 0 ml Immediatelj after mixing, G 6 ml 
of II 2 O verc added, followed by 1 0 ml of CUSO 4 solution and 1 50 ml of Cn(OH)j 
suspension Octanoic acid rccovcrj was determined 111 aliquots of the filtrate The 
liver homogenate contained 250 mg of fresh tissue per ml 


Volume of liomoRcnalc 
added 

Octmoic ncid rcco\ercd 

Volume of liomoRenale 
added 

Octanoic acid recovered 

ml 

micromoles 

m2 

micromoles 

0 0 

12 1 

2 5 

10 9 

0 5 

12 0 1 

3 0 

10 2 

1 0 

12 0 1 

4 0 

4 1 

1 5 

11 S , 

5 n 

2 0 

2 0 

12 2 1 




Table II 

Recovery of Oclanoalc from Rat Liver Homogenate under Favorable Conditions 
Each tube contained 4 0 ml of octauoate (0 to 24 0 micromoles, as indicated) and 
2 0 ml of rat liver homogenate (250 mg of tissue per ml ) Immediately after mix- 
ing, 6 5 ml of II lO Mere added, followed by 1 0 ml of CuSO* and 1 50 ml of Ca(OH) 
suspension Octanoic acid n ns determined in duplicate on 6 0 ml aliquots of filtrate 


Octanoic acid added 

Octanoic acid recovered 

Octanoic acid added 

Octanoic acid recovered 

micromoles 

micromoles 

micromoles 

micromoles 

24 0 

24 

4 

10 

0 

10 

2 


24 

6 



9 

8 

18 0 

17 

9 

9 

0 

9 

0 


17 

6 



8 

8 

15 0 

15 

3 

6 

0 

5 

8 

er 

14 

8 



6 

8 

12 0 

12 

0 

0 

0 

0 

0 


11 

8 


m 

0 

0 


The deproteinization treatment found best for analysis of fatty acid m 
tissue slice media, tissue homogenates, and washed suspensions of ground 
tissues (2) follows The sample, contaimng between 6 0 and 21 micromoles 
of octanoate, is diluted with water to 12 5 ml 1 ml of the CUSO4 solution 
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IS added and nuxed, and this is followed the addition of 1 5 ml of 
Ca{OH): suspension The contents are thoroughly nmed and allowed to 
stand 15 mmutes The tubes are centrifuged and the supernatants filtered 
through paper The i oliime of filtrate is enough for anal 3 ’sis of two ah- 
quots of 5 0 ml , contaimng from 2 0 to 7 0 micromoles of fatty acid, which 
are earned through the proceduie as alreadj outhned 
Metaphosphonc acid is used as the acidifjung reagent m the extraction 
procedure because it ser\ es to prei ent formation of emulsions due to traces 
of protein which escape remoi al m the copper-lime treatment 

Tvble III 

Specificity in Homologous Senes of Saturated A ormal Acids 
The indicated amounts of the following fatt 3 acids were earned through the entire 
analj-tical procedure including the copper-lime treatment, and the turbidities re- 
sultmgwere e'qiressed in terms of the micromoles of octanoate giving equal turbidity 
readings 


Fatty aad 3So of C atozos m 
chain 

Amount in sample 

^ Octanoic aad equivalent 


m cremoUs 

nicronclei 

2 ^ 

1000 

No turbidity 

4 ' 

300 

It tt 

5 

500 

0 9 

6 

50 

0 6 

7 

15 

3 4 


10 

No turbidity 

S 

5 

5 0 

9 

5 

3 7 

10 

o 

2 1 

12 

200 

No turbidity 

14 

200 

tt tt 

16 

200 

tt cc 


Specificity — ^The followmg observ^ations indicate the specificity of the 
method All normal saturated fatty acids up to and mcludmg n-nonanoic 
acid may be completelj’’ recovered m the copper-hme treatment outhned 
above n-Decanoic acid cannot be completely recovered, when 10 micro- 
moles of 7i-decanoate were subjected to the copper-hme procedure outhned, 
only 4 5 micromoles could be recovered Fatty acids havmg 12 or more 
carbon atoms are completely removed by the copper-hme procedure, e\en 
when relatively large amounts are present owmg to the insolubihty of their 
copper or calcium salts Of the fatty acids havmg fewer than 10 carbon 
atoms only octanoic and nonanoic acids can be detemuned b 3 the method 
outlmed, smee onlv"- these acids show a hnear relationship between optical 
density and concentration Although 15 micromoles of heptanoic acid give 



780 


DETERMINATION OF n-OCTANOIC ACID 


a response equal to that given by 3 4 micromoles of octanoate, there is no 
hneaiity of lesponse Fatty acids having less than 7 carbon atoms must 
be present in relatively enormous concentration to yield even a slight tur- 
bidity The data piesented in Table III indicate the magnitude of tur- 
bidity responses given by different fatty acids 

In Older to test the specificity of the method with respect to compounds 
other than saturated fatty acids, mixtures containing 1 0 ml of 15 per cent 
metaphosphoric acid, 5 0 ml of octanoate (5 micromoles) oi 5 0 ml of 
H 2 O, and 4 0 ml of a solution containing 150 micromoles of the substance to 
be tested for inteiference were earned thiough the entire procedure (the 
deproteinization step was omitted) The following compounds gave abso- 
lutely no turbidity under these conditions nor did they interfere vith the 
recovery of octanoate sodium chloiidc, sodium sulfate, magnesium sulfate, 
monosodium phosphate, sodium borate, sodium fluoride, potassium lodo- 
acetate, ammonium sulfate, sodium arsenate, trichloroacetic acid, tungstic 
acid, glucose, fructose, xjdose, gtycogen, glycine, cysteine, acetylcholme, 
p-ammobenzoic acid, aniline acetate, a-aminooctanoic acid, ascorbic acid, 
alloxan, sodium benzoate, glycolic acid, gljmerol, creatine, ethyl alcohol, 
acetaldehyde, lactate, pyruvate, acetopyruvate, citrate, a-kctoglutarate, 
succinate, fumaiate, f-malate, oxalacetatc, czs-aconitate, acetoacetate, ace- 
tate, malonate, /5-glycerophosphate, fmetose diphosphate, sodium pyro- 
phosphate, adenosine triphosphate, /S-hydroxybutjTate, /S-hydroxyoctano- 
ate, crotonate, sorbate. A*- and AMiexenoate, a, 7 -diketooctanoate, acetom, 
Z-glutamate, and glutamme 

The responses given by unsaturated acids of intermediate chain length, 
branched cham acids, or halogenated acids have not been more extensively 
exammed If such compounds are suspected to be present m the matenal 
to be analyzed, the specificity of the 1 espouse must of course be exammed 
further 

Efficiency of Extractions — ^The extractions of octanoate from the aqueous 
phase and from Skellysolve back into aqueous NaOH are essentially com- 
plete This was determmed by prepaimg a series of turbidities developed 
fiom octanoate in 0 1 N NaOH directly, without going through the extrac- 
tion procedure, and comparing the responses given with those obtamed 
when the same amounts of octanoate were earned through the whole pro- 
cedure, allowance bemg made for the aliquot of NaOH extract used for 
turbidity development The standard curves obtained in the two cases 
are identical This mdicates that the extractions are complete and that 
washing the extract with water does not cause any measurable loss of fatty 
acid 

Effect of Variations in Volume of Aqueous Phase Extracted — ^Although the 
volume of the aqueous phase extracted has been specified as 10 0 ml , it 
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ma3' be vaned betw een 5 0 and 20 0 ml with essentially complete recovenes 
Use of a large aqueous phase may be necessai^’' for analysis of filtrates m 
which the fatty acid concentration is verj’- low 

Efficiency of Washing Procedure — ^The conditions of anatysis suggest that 
a possible pomt of difficulty might he m the washing of the SkeUysoh e 
edract to free it of chlondes or other substances which form msoluble sil- 
ver salts When such substances are present m the concentrations likely to 
be found in biological fluids or m enzjane reaction media, absolutety no 
interference has been encountered WTaen 9 0 ml of saturated NaCl solu- 
tion acidified with 1 ml of metaphosphonc acid were carried through the 
analysis, only a faint turbidity (due to AgCl), correspondmg to less than 
0 4 micromole of octanoate, was observed The failure of chlondes m ordi- 
nary concentrations to produce turbidities mdicates that the washmg of the 
Skellj’'sohe extract contauung the fatty acid is extremely efficient m re- 
monng traces of the onginal aqueous phase from the centrifuge tubes used 
in the analyses We have never expenenced any difficulties due to con- 
tammation of reagents or glassware mth chlondes or other substances ca- 
pable of reactmg with silver ions 

Conditions Affecting Turbidity Response — The pH of the acetate-buffered 
solution m which the turbidity is developed is 5 6 It has been found that 
the medium must be well buffered to obtam reproducible turbidities 
Ilaismg the pH substantially causes silver acetate to be coprecipitated and 
the optical densities of the turbidities given by standard amounts of octano- 
ate are no longer hnear Lowenng the pH causes, as would be expected, 
a great decrease m the sensitivity, smee the silver octanoate becomes more 
soluble The concentration of acetate chosen is high enough to give maxi- 
mal stabihty of response w'lthout causmg any mterference by precipitation 
of silver acetate 

The omission of gum ghatti from the turbidity muxture greatty reduces 
the stabihty of the turbidity and also reduces the useful range m which 
optical density is hnear with octanoate concentration, smee at the extremes 
the silver octanoate flocculates out immediately or after short standmg 
Gum arable, agar, soluble starch, and gelatm have also been tested but 
gum gliatti IS the most effective agent for stabihzmg the turbidities When 
the concentration of gum ghatti is greatly mcreased, the range of response 
IS decreased, smee the lower concentrations of octanoate then fail to produce 
a turbidity with silver ions 

The concentration of silver ions is also cntical m the optical density pro- 
duced, although 10 per cent errors m the addition of the sih er mtrate solu- 
tion cause no significant change m optical density Substantial decreases 
m concentration of silver ion cause concomitant decreases m sensitmtj, 
smee the solubihty product of silver octanoate is not exceeded wuth the 
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lo^^el laiige of ocLanoatc conccntiations Inci easing the concentiation of 
silvci ion bungs about an incicasing tendency foi silvci acetate to piecipi- 
tate aftci slioit standing 

Attempts to combine the silvci nitiatc and the acetic acid-gum ghatti 
leagents foi gieaicr convenience in anal 3 '’sis met vitli fniluic, since addition 
of such a combined icagent to the 0 1 a NaOII solution of octanoalc causes 
piccipitation of silvei o\ide which docs not immcdntcl)' icdissohc on miv 
mg, owing piobably to the jiiesencc of tlie gum ghatti The turbidities 
developed undci Ihc'^o conditions lane been found to be ^eI 3 ciiatic 

The tuibiditics of silvei octanoatc aio not photosensitive over a period of 
seveial houis and no siiecial piecautions ha\c been found necessary to con- 
tiol this factoi 

]\Iicro j\[odifLcahon — Althougli the method as outlined above has been 
found to be quite suitable in routine analysis of large numbers of samples, 
in ceitain cases the small si7c of the samples available did not permit use of 
the method in the useful range Foi contingencies of this type we have de- 
vised a modification in w’hich the working proceduie is identical but m which 
volumes aie lediiced in scale hy a factor of o Samples containing 0 4 to 

1 4 miciomole of octanoate aic acidified with 0 2 ml of HPO 3 and made to 

2 0 ml They nie extracted with 2 0 ml of peti oleum ether in a 10 ml 
conical tipped tube, the extracts washed with 2 0 ml of 11:0, and the oc- 
tanoate bi ought into 1 0 ml of 0 1 n NaOII An 0 S ml sample of the 
NaOH lajmr is added to 0 2 ml of the acetic acid-gum ghatti and the re- 
sultmg mcx-tuie is treated with 0 04 ml of 1 5 m AgNOj The turbidities 
are read at 6G0 mu in a Beclonan quartz speetrophotometer equipped with a 
diaphragm adapter to produce a “pinhole” light souice (3) The position 
of the beam wms adjusted so that it passed through a standard 3 0 ml 
Beckman cell mounted on an adjustable block m the cell holder without 
strilang the bottom oi wmlls of the cell 01 the meniscus w hen the cells con- 
tamed 1 0 ml samples The general principles outlined bj’- Low ly and 
Bessey (3) foi microspectiophotometnc measurements weie obsen'’ed 
The errors were not sigmficantly greater than in the macro method 

SUMMARY 

A simple method for the lapid determmation of octanoic acid in small 
amounts has been described The method mvolves deproteinization wutli 
mixtures of copper sulfate and calcium faj'^droxide, acidification of the fil- 
trate, and extraction of the fatty acid into petroleum ether The ex-tract 
is w^ashed wath HaO and the fatty acid then extracted into 0 1 n NaOH An 
aliquot of the aqueous phase is brought to pH 5 6 bj’- addition of acetic acid 
The addition of silvez 10 ns produces a turbidity of silver octanoate, stabi- 
lized with gum ghatti, the optical density of which is proportional to oc- 
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tanoic acid concentration The method responds onlj to 7i-octanoic acid 
and immediatelj' adjacent homologues A large vanetj- of compounds 
likelj to be present m enzyme reaction media m ere found not to mterfere 
with the determination 
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Carbohydrates, glucose, fructose, sucrose, and starch, labeled in aU car- 
bon positions mth C“, are useful for the study of intermediate metabolism 
m hnng organisms and for many other purposes Two papers deahng 
with the synthesis of labeled carbohydrates have already appeared (1, 2), 
but no detailed methods of preparing the above carbohydrates are available 
It is the purpose of this paper to descnbe such methods 
Radioactive starch, glucose, fructose, and sucrose can be isolated from 
green leaves m good yields after they have been exposed to an atmosphere 
of radioactive carbon dioxide m the presence of hght At the end of the 
photosynthetic penod, the leaf or leaves are extracted v ith dilute alcohol 
The alcohol-insoluble fraction contains the starch which can be isolated 
Hydrolysis of the starch with acid produces glucose which can be obtamed 
m ciystalhne form The alcohol extract contains glucose, fructose, and 
sucrose In order to mcrease the yield of the monosacchandes, the su- 
crose is hydrolyzed with acid, thus producmg additional glucose and fructose 
The separation of fructose from glucose is accomplished by precipitatmg the 
former with calcium hydroxide The calcium complex is then decomposed 
and the fructose hberated Sucrose is separated from the alcohohc ex- 
tract The two monosacchandes are first fermented with Torula monosa 
and then the residual sucrose is concentrated and crystaUized 
Apparatus — ^The photosynthetic chamber is made of a Pyrex glass tube 
(Tig 1) 21 cm m length havmg an inside diameter of 5 5 cm The lower 
end consists of a drawn down, recurved entry tube fitted with a stop-cock, 
0 , and a 10/30 tapered ]omt The upper end bears a 60/50 jomt, Ai, to 
which a cover is fitted, canymg an exit tube which is also fitted with a 

* Supported m part bj a grant from the Corn Industries Research Foundation and 
by a contract mth the Committee on Food Research of the Quartermaster Food and 
Container Institute for the Armed Forces To this paper, No 151 has been assigned 
m a senes of papers for publication by the Quartermaster Food and Container In 
stitute of the firmed Forces The views or conclusions contained in this report are 
those of the authors They are not to be construed as necessarih reflecting the \ lews 
or endorsement of the Department of the Army 
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stop-cock, b, and a 10/30 joint The volume between slop-cocks a and h 
IS 500 ml 

When conducting an cxpciiment, about 500 mg of baiium caibonate con- 
taining appioMinatcly 0 25 millicuuc of C” aie intioduccd into a 25 ml 
Eilenmcyei flask, B, fiom vhicli (he neck has been lemoved A coik disk, 
c, slight b’-smallci than the inside diametei ofthambci A, is fitted to the top 
of the flask so that its position is fixed when placed m the chambei The 
baiium caibonate is then mixed with about 5 ml of watei and a few drops 
of paiaflm oil aie added to pi event oxccssue forming 1 ml of 80 per cent 
lactic acid is placed in a sm.dl test-tube, /, cut ofi so that it rests at about 
a 45° angle when placed in flask B This flask, containing the baiium car- 
bonate sluii^'^ and the test-tube of lactic acid, is then placed in an upright 
position in the pbotos 3 mthctic chamber, A, uhich vas previously rinsed 



Fig 1 PhotosynUictic chamber, Erlenmeycr flask, and Florence flask 


With vater to assure a humid atmospheie Enough water should also be 
left in the lecuivmg portion of the entiy tube to indicate vhen the internal 
and external piessuies are equalized 
A 10 ml Florence flask, C, fiom ivliich the neck has been lemoved is 
attached to a plyxvood chsk, /;, boied thiough vith numerous holes The 
flask IS filled with watei and the petiole of the leaf, vliich had piemously 
been kept in the daik foi 24 houis, is inserted so that it leaches the bottom 
of the flask The leaf and its contamei aie placed m a vacuum desiccator 
and evacuated to about 20 cm Aftei the initial flow of gas bubbles from 
the petiole of the leaf ceases, the pressuie is equalized and the watei dis- 
placed m flask C is replaced The leaf and container aie then placed in the 
photosynthetic chambei, A, on top of the coik iing, e A piece of moistened 
filter paper is placed over the ptywood disk to pi event spattering of acid 
into the upper pait of the vessel The gi eased, uppei end, giound tape!, 
Ai, is fitted on, and with the entry tube, o, closed, the chamber is partially 



PUTMW, HAS'^ID, KROTKO\, A.VD BARKER 


787 


e\acuated through the exit tube Inch is then closed '\'ith stop-cock b By 
tilting the chambei about 30° the acid is dumped into the banum carbonate 
slunj This should be done carefully to a\ oid excessu e foaming When 
the reaction has subsided and all the banum carbonate has reacted, hber- 
ating the carbon dioxide, atmosphenc pressure is restored b} openmg stop- 
cock a The chamber is then immersed in a cj Imdncal Pjnex water bath, 
10 inches high and 18 inches m diameter, held m position by a condenser 
clamp on a heaa'j nng-stand m the bath as shown m Fig 2 
Illummation is effected bj* two 100 watt bulbs m desk lamps, gi and gt, 
placed opposite each other on the outside of the bath A small fan (not 
shoim m Fig 2) is placed aboi e the water bath so that a current of air 
passes o\ er the surface of the bath This maintams the bath temperature 
3-4° abor e the prevailing room temperature Illummation is continued for 



18 to 24 hours A relatively long penod of illummation is used m order to 
nsure complete utilization of the available carbon dioxide and to produce 
'more uniformly labeled compounds 

Durmg the last hour of illumination a soda lime ton er, E, is attached to 
the entry tube of the photosjmthetie chamber and tu o carbon dioxide traps, 
Fi and F;, are attached m senes to the exit tube Durmg this penod about 
0 hters of carbon dioxide-free air are pulled through the sj stem bj^ apply- 
ing a vacuum at F 2 Trap Fi consists of a 500 ml jar fitted v ith a smtered 
glass aerator contammg 335 ml of 0 1 x sodium hj droxide, trap F; consists 
of a 100 ml test-tube also equipped with an aerator and 65 ml of 0 1 x 
sodium hydroxide 

Usually no appreciable amount of carbon dioxide is found m traps Fi and 
Fj at the end of the illummation period 

Plant Materials — ^Turkish tobacco lea\es proied to be good starch pro- 
ducers A high rate of sjmthesis can be achieied after the leaves are 
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placed m the dark for approximately 24 houm to use up the reserve car- 
bohj^drate and aie then subjected to photosynthesis m an atmosphere ini- 
tially containing 10 to 15 pei cent caibon dioxide It has been observed 
that undei the expei mental conditions desciibed about 20 jier cent of the 
diy V eight of the alcohol-exti acted leaf residue consists of starch 

The plants aie grown in Iloagland’s solution or sand culture The leaves, 
weighing from 3 0 to 3 5 gm and being from 15 to 18 cm in length, are 
taken from the middle portion of the stem of plants about 2 5 feet high 
Leaves of plants giown in cultuic solution are haiwested in the morning and 
placed in watei in the daik until the following morning Plants grown in 
pots of sand aie placed vith the container in the dark for a similar penod of 
time and the leaves haiwcsted just piior to the expeiiment On a fresh 
weight basis the starved leaves usuallj’- contain about 0 25 per cent reduc- 
ing sugais (glucose and fructose) and 0 15 per cent suciose The residue 
does not give a blue color vith iodine, indicating the absence of starch 
Aftei 24 houis of illumination in the chamber m an atmosphere of carbon 
dioxide derived f i om 0 5 gm of barium carbonate, about 0 85 per cent re- 
ducing sugars, 0 G5 per cent sucrose, and 2 5 per cent starch are found 

Labeled Starch — Scveial lots of radioactive starch vere prepared by the 
following method A Tuikish tobacco leaf vas haiwcstcd in the mommg 
and allow ed to remain in the dark for 24 hours to exhaust the starch The 
leaf ivas then placed in the photos 3 mthetic chamber in an atmosphere of 
radioactive carbon dioxide, as previously described, and illummated for 24 
houis At the conclusion of the photosynthetic period and after the cham- 
bei had been swept out "with carbon dioxide-free air, the leaf was killed bj 
immeision m boiling 80 per cent alcohol It ivas then cut mto small pieces 
and placed in a Soxhlet extraction thimble The alcohol used m lulling the 
leaf "was transferied to a boiling flask of a Soxhlet ex'tractor The extractor 
\vas assembled and the extinction continued for 6 to 8 hours, after w^hich 
the alcoholic extract containing the soluble sugars (glucose, fructose, and 
suciose) was set aside 

Aftei the 80 pei cent alcohol extraction, the residue lemammg in the 
Soxlilet thimble was dried at 50° m a vacuum oven for a peiiod of 18 to 24 
hours (0 31 to 0 42 gm of dry material w'as obtamed), 25 pei cent of its 
weight of magnesium carbonate was added, and the maxtuie finely ground in 
a mortar under a hood The ground material was exiii acted by the method 
of Pucher and Vickery (3) as follows It was transferied to a heavy duty 
50 ml centrifuge tube to which an amount of 100 to 150 mesh ground glass, 
equivalent to 7 5 times the weight of the plant material, was added This 
was followed by the addition of 5 ml of water and a heavy stimng rod was 
placed in the tube The tube with the contents was immersed m a steam 
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bath and vigorously stirred> for 15 minutes to gektmi^ the starch 7^ 
of 46 per cent calcium chlonde, previously heated on t e saiM wa r ^ 
were rdded and stirrmg nas contmued for 10 mmutes Jhe tuWas 
centrifuged, the supernatant hqmd decanted mto a returned 

and the residue ground agam for about 5 mmutes e calcium 

to the steam hi, 3 ml of boding nater and 5 
chlonde at 100“ were added, and stirrmg contmued for f 
tube was centrifuged and the supernatant hqui 
lube coBteumB to Biul extract After four ortra't.o^- 
drop of the fourth supemataut hquid teas acidified un 
acetic acid and tested with ddute lodme solution no complete 

color was ohser\ ed, the extraction of starch was assiun starch- 

and the residue was washed tnuce with 15 ml of hot ^^ter “ ^mh 
iodine test was positive, the extraction procedure 
negative t^t was obtamed Seven or eight extractions are 
essary to free the residue of starch completely + w- rnr was 

tS extract (60 to 120 ml ) m the 100 
treated with 1 ml of 2 3 N hydrochlonc acid and 2 ml of M P ^ , 

chlonde per each 10 ml of extract ^arc wa lodme and 50 

the addition of 0 5 ml of lodme-iodide solution ( ^ pv+ract The 

gm of potassium iodide diluted to 250 per after which 

tube was loosely stoppered ^d tube and contents were 

it Mas placed m a steam batb for 15 mmu es c+orch lodme 

cooM, centnfuged, to supcrualant hqmd dccaufod, to 

complex ueU w^hed inth 60 Ijr cent *oW 

^o^p:^i“."ohr The crud, — — “ 
5 ml of water, filtered through a filter paper mto a 
reprecipitated with 11 volumes of 95 per cen a co o alcohol - 

was complete, to starch was ceutniuged, washed ^th “ 
twice wiih 95 per ceut alcohol, tw.ee with abso ute alcohol 
twice with ether After to ether had evaporated and to starch was 
groimd to a powder, it was placed m a vacuum oven and dried at 50 for 

^tolSil starch preparations made by this method with approwmately 

■ The «lr..t.oa ot ft. ....eh ftom Ite pl.nl ml.nal c.n Jso be effeeW b, home 

eenszationasdcscnbedby Umbreit,Burns,andS a er t pincowe tbe 

’ If tbe starcb is to be used immediatelj /or P^panng " ^^ 01 ^ ;fter 

dryiuE is uimeces=aTi , it can be immediately hydrolyzed with sidfuric acid after 
wSg”60 ^ alcohol, as described m “Preparation of labeled glucose 

from starch " 
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230 microcurics of C^'' in 0 5 gm of bnimm caibonatc yielded from 20 to 
25 pel cent staich calculated on a diy basis of the alcoliol-e\ti acted plant 
mateiial The specific activity of the starch was from 0 48 to 0 72 micio- 
cuiie per mg 

Radioactivit}’’ was measuied b}' spi ending a veighed amount of the 
starch on an aluminum plate vith the aid of alcohol and, after drying at 
50° in vacuo foi 24 houis, as'javing the sample vith a bell jar type countei, 
as desciibed by Kamen (5) 

Picpaialton of Labeled Glucose from Sla)ch — The ladioactivc staich vas 
hydiol 3 ’’zed to gluco'^e by dissolving it in sufiicicnt vatei to make a 0 2 per 
cent solution, at the same time adding an amount of inactive glucose earner 
necessai 3 '’ to piovidc enough mateiial to ci3'slalh7e comenicntb' (0 3 gm 
was visual^’' added) *Vn equal volume of 2 x sulfuric acid v as added to this 
solution and the mi\tiuc lefluxed foi 30 minutes on a hot-plate After 
cooling, the theoietical amount of powdered baiium caibonate needed to 
neutialize the acid was added and the piecipitate centiifuged off and 
washed The supernatant liquid and the washings were then passed 
through Duohtc ion exchange columns, C-3 and A-3, having 25 ml bed 
volumes Each column was washed 'with 100 ml of watei The deminei- 
alized solution, about 300 ml , w'as concentiated to a small volume m vacuo 
at 50°, transfeired to a 25 ml beakei, and taken to a thick sirup in the vac- 
uum oven at 50° The simp wms w'aimed on the steam bath and approxi- 
mately 4 volumes of hot absolute alcohol weie stiried in To the resultant 
viscous mass 50 mg of finely pow'deied ciystalhne glucose weie stuied m 
and the beakei wms allow'ed to cool in a desiccatoi Ci 3 ’'stalhzation of the 
glucose was complete wutlim 24 houis The ci 3 ’'stals A^elc transferred to a 
smteied glass funnel wuth cold absolute alcohol, sucked diy, wmshed wuth 
ethei, and placed m the Amcuum oven at 50° After 24 houis the sugar w as 
ground in a mortar, wmighed, and assa 3 ’'ed foi radioactivit 3 '^ 

An 85 mg starch sample, having a specific activit 3 '' of 0 57 microcurie 
per mg and a total activity of 48 6 ± 5 9 miciocuiies, 3 uelded, after ad- 
dition of 350 mg of inactive glucose, 406 mg of glucose wuth a specific ac- 
tivit 3 ’^ of 0 09 miciocuiie pei mg and a total activity of 36 7 ± 0 63 
microcuries 

Anothei 71 mg starch sample with a specific activity of 0 48 miciocurie 
per mg yielded, after addition of 350 mg of inactive glucose, 383 mg of 
glucose havmg a specific activit 3 ’- of 0 1 miciocurie pei mg 

Preparation of Labeled Fiuctose — ^The 80 pei cent alcohol plant e'rtiact 
contains glucose, fractose, and suciose IMost of the labeled glucose can be 
ciystallized out by adding inactive glucose to the mixture after acid h 3 ’'- 
drolysis of the suciose The fmetose, which does not leadily crystallize 
and remams m solution, can be separated from glucose by forming the in- 
soluble calcium-fructose complex, which is later decomposed 
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The technique used m the preparation of fructose vras as foUon s The 
80 per cent alcoholic extract m as concentrated on the steam bath with oc- 
casional additions of ater until all the alcohol was removed The aqueous 
solution vas cooled and t\\ ice extracted, v ith a separatory funnel, v ith one- 
fourth of its 1 olumo of ether to remove pigments and tarry matter The 
ether was then washed with water and the washings added to the onginal 
aqueous phase This latter solution w'as returned to the steam bath and 
heated to remoi e the dissoh ed ether About 400 mg of mactive glucose 
earner were added, and, after the solution was cooled, it was parsed through 
Duohte ion exchange columns, C-3 and A-3, of 25 ml bed volume capacity, 
to remoi e the orgamc acids and ammo acids Approximatelj' 100 ml of 
wash water was used for each column, and the resultmg neutral solution 
concentrated under reduced pressure at 50° to a volume of 8 ml 2 ml 
of 0 N sulfuric acid were added and the solution heated m a water bath at 


Table I 

Results of Cryslallizaltons of Glucose Solution 


Crop of gluare 

height 1 

Specific actmty 

Total acUvity 

1 

ms 

mtcrccune per ms ! 

1 microcunes 

let 

426 

0 089 

1 38 

2nd 

79 

0 113 

I 0 

5rd 

1 

221 (Includes 200 mg 
earner) 

0 037 

8 1 


80° for 10 mmutes to mvert the sucpose After coolmg and dilutmg to 
about 50 ml , the solution was passed through the amon exchange column, 
A-3, to remove the acid used for hydrolysis The resulting neutral solution 
of glucose and mvert sugar w'as concentrated under a vacuum at 50 to a 
volume of 10 ml , transferred to a small beaker, and concentrated to a 
thick sirup in the vacuum oven The glucose w as then crj^stallized as pre- 
nously described When the mother liquor wms concentrated, a second 
crop of crjstalhne glucose was obtamed The specific activiti of this glu- 
cose was about 25 per cent greater than that of the first crop, indicating 
radioactive contamination 200 mg of mactn e glucose w ere added to the 
mother liquor m order to reduce the actmty of the residual glucose Upon 
crjstallization, 221 mg of glucose were recovered with a specific actuitj 
equivalent to one-third of that of the second crop Considenng the dilu- 
tion with mactn e glucose, approximatelv one-tenth of the prei lous actn it> 
w ould be expected The higher activity indicates that some radioactn e 
fructose was earned down with the mactive glucose (see Table I) 

The radioactive glucose obtamed from the mixture vnth fructose was 
contammated wath about 1 to 2 per cent radioactive fructose It could be 
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rncPAiiATioN or kadioactivl sugaiis 


fieed almost completely fiom the radioactive contaminant by adding inac- 
tive fiuctose and icciystalhzing 

The calcmm-fi uctose complex was picpaied according to Bates and Ins 
associates (6) 1 gm of fiuctose caiiici was added to the mothei liquor 

aftei piactically all of the ladioaetivc glucose had been crystallized out 
by the addition of inactive glucose and the alcohol picscnt removed by evap- 
oiation on the steam bath In oidci to piecipitate this quantity of 
fructose, an amount of calcium oxide equivalent to half of the weight of the 
fiuctose should be added A 19 per cent lime suspension was made up from 
0 7G gm of calcium hj'di oxide pow^dci and 3 25 ml of watei, making a 
total w'eight of about 4 gm The calcium hjdroxide used was shown to 
contain GG pci cent calcium oxide, as determined by titration with 0 1 N 
hydiochloiic acid The sugai solution containing the ladioactive fmetose 
wxas diluted with 11 7 ml of water so that the fiuctose would constitute six 
pel cent b}'’ w eight of the total reaction mexture 

The fiuctose solution and the calcium oxide slurry were placed m a re- 
fiigeiatoi at 0° When the fnictosc solution was cooled to 0°, one-fourth 
of the lime sliiiiy w’as ponied into a 50 ml centrifuge tube in an ice bath 
and then one-fouith of the augai solution was slowly added with vigoious 
mechanical stiiiing After 15 minutes fine crj’stalline needles of calciiun- 
fmetose could be obsciwed undci the microscope The ‘'econd quarter of 
the shiny w as added wuth continuous stiri ing, follow’ed bj the slow addition 
of the second quaiter of the sugar solution The thud and fouith portions 
were added at 20 minute intenmls and after an additional 20 minutes Stir- 
ling the mixtuic w'as placed in a refrigeiator oveimght The next day the 
precipitate wms centiifuged in a chilled centrifuge cup and washed twice 
with 2 ml poi tions of ice-cold saturated calcium hydroxide 

The calcium-fmctose complex wms then treated with an excess of 1 m 
oxalic acid, wuth phenolphthalem as an mdicator, and stiired w itha mechani- 
cal stirier The calcium oxalate wms centrifuged off and wmshed twice with 
25 ml poi tions of w^ater The supernatant liquid and wmshmgs were then 
passed.ovei ion exchange columns, Duohte C-3 and A-3, concentrated in a 
vacuum below’^ 50° to a small volume, and finall}’’ taken to a sirup m a vac- 
uum oven 

This siiup, contaimng piactically all fmetose, was crj-^stallized according 
to Fischer and Baer (7) It was taken up m a small amount of w^arm abso- 
lute alcohol, a few ml of dry benzene w^ere added, and the mixi;ure was 
taken to diyness under i educed piessure, w^hile a stieam of diy an blew over 
the suiface of the liquid After repeatmg this pioceduie four times, the 
residue was taken up m a mmunum quantity of hot absolute methyl alco- 
hol, cooled m a desiccator, seeded with 60 mg of finely powdeied ciystal- 
Ime fructose, and the fmetose precipitated by the slow diopwise addition 
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of absolute ether The crystals r ere allowed to remain m a desiccator for 
24 hours, transferred to a smtered glass crucible with a mixture of equal 
volumes of methanol and ether, filtered off, and washed mth ether A 
jueld of 0 925 gm of fructose was recovered havmg a specific activity of 
0 0325 microcune per mg (Table II) 

Initially there v as a total of 132 microcunes m the sugai solution to which 
2 125 gm of mactu e glucose and fructose were added The radioactive 
sugars synthesized m the plant probabl}’- amounted to about 100 mg 
These preparations were made from the combmed 80 per cent alcohohc 
extracts of two tobacco leaves 

The extent to vhich glucose and fructose were contammated vith one 
another was found from a control experiment performed as follows A to- 
bacco leaf, which v as prevnously placed m the dark and then lUununated m 


Table II 

Recovery from Preparattons of Tobacco Leaves 


Reco% cred sugar 

Amount recovered 

Total 


m 

microcuncs 

Glucose 

726 

65 

Fructose 

925 

30 

Calcium-fructose complex, supernatant solu- 
tion, calculated from reducing value 

61 

16 4 

Calcium-fructose complex, wash water, cal- 
culated from reducing value 

29 

6 6 

Total 

1741 

107 9 


the presence of mactive carbon dioxide for 24 hours, was extracted with al- 
cohol, the alcoholic extract clarified, and the sucrose hj drolyzed The so- 
lution contaimng glucose and fructose was divnded mto two halves To 
one-half of the solution, labeled fructose was added and the glucose crj^stal- 
hzed as prevnously descnbed The other half was treated with labeled 
glucose and the fructose was isolated from the mixture by the calcium pre- 
cipitation method 

The results mdicated that the glucose crj^staUized from the mixture with 
labeled fructose contamed 1 3 per cent fructose The fructose was found to 
be contammated with glucose to the extent of 2 5 per cent The glucose 
was freed from the radioactiv e fructose contaminant almost completely bj 
dissolvmg the sugar m water, addmg inactive fructose, and recrj stallizmg 
The glucose contaminant m the fructose was reduced to a negligible amount 
by dissolv'mg the sample and oxidizmg with banum h 3 'poiodite solution as 
descnbed by Goebel (8), passmg the solution through ion exchange columns. 
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and lecovcnng the fiiictosc by concentrating the solution and recrystal- 
hzing 

Prepmatioji of Labeled Snciose— For the pioduction of sucrose a leaf from 
Ca7ma indiea was used Loaves from this plant do not foim any detectable 
staich but do produce a considerable amount of sucrose Photosynthesis 
was earned out at 17°, since it was obsciwcd that the siiciose-i educing 
sugai latio W'as moic favoiable at that temjicratuie than at 28° The ratio 
of suciose to 1 educing sugai-s was 1 0 at 17°, wheicas it was 0 7 at 28° 

A canna leaf wuth a blade from 12 to 15 cm in length was picked from 
a new shoot on the ihi/ome, the petiole being cut to 2 cm Such a leaf con- 
tains enough anthocyanm pigments neaily to mask the giccn coloi of the 
chloioph 3 dl Under the conditions of the experiment, when 500 mg of 
baiium caibonate were used at 17° with a 21 hoiii illumination pciiod, all 
of the caibon dioxide was utilized On a wet weight basis, the final level 
of leducing sugais was 1 4 per cent and that of suciose 1 8 pci cent 

The w'ct w’eight of the leaf, aftei it had been placed in the dark for 24 
houis and then infiltiated with water thiough the petiole, was 4 92 gm 
The leaf w-as placed in the photosjuithetic chamber containing 227 micro- 
curies of C“ in 2 5 niM of caibon dioxide, obtained from 0 5 gm of barium 
carbonate Aftei 21 houis of illumination at 15°, the leaf was lulled with 
alcohol as previously desenbed and then icfluxcd o\emight with SO per 
cent alcohol 

The extiact wms concentiated on the steam bath, water bemg added from 
tune to tune to evaporate the alcohol, and the aqueous solution was ex- 
tracted with ethei m a sepaiatoiy funnel 200 mg of suciose carrier were 
added, the excess ethei was evapoiated on the steam bath, and the result- 
ant aqueous solution passed ovei ion exchange columns The neutial solu- 
tion wms concentrated to about 7 ml and the reducing sugars fermented out 
with Toi nla vwnosa 

Touda vwnosa ferments glucose, fructose, and mannose, but does not 
attack suciose oi other disacchaiides The organism is giown aerobicall}’’ 
for 24 hours at 28° on agai plates containing 0 5 pei cent j’-east extiact and 
1 pel cent glucose Tlie cells aie washed twoce bj'’ centiifugation and re- 
suspended m 0 033 1^1 of phosphate buffei , pH 5 A jmast suspension pie- 
paied m this wmy will decompose approximate^’- 15 mg of glucose pei houi 
pel 100 mg of di}’- j’-east under anaeiobic conditions at 37° Tlie initial 
glucose concentration should not be above 3 pei cent 

The mixtiiie of sucrose, yeast, and acid phosphate buffei wms centiifuged 
and the supernatant sugai solution was agam passed ovei the ion exchange 
columns aftei the addition of anothei 100 mg of suciose caiiiei The neu- 
tral fraction was concentiated again and finally reduced to an immobile 
simp m the vacuum oven Upon the addition of wann absolute alcohol 
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and stimng, the sucrose immediately crystallized The ciystals Trere 
placed m a desiccator and after 24 hours filtered off on a smtered glass 
funnel, cashed with absolute alcohol, and dned with ether The matenal 
was then ground m a mortar and assayed for radioactivity The yield of 
sucrose was 360 mg , wuth a specific activity of 0 34 microcune per mg , 
giving a total of 122 microcuries 

SmQIART 

Methods are descnbed for the isolation of radioacti\e (C^"*) starch, glu- 
cose, fructose, and sucrose from plants exposed to an atmosphere of radio- 
active carbon dioxide in the presence of hght 
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LETTERS TO THE EDITORS 


THE IN VITRO SYNTHESIS OF HEME IN THE HUIMAN RED 
BLOOD CELL OF SICKLE CELL ANEMIA* 


Sirs 

Studies of the red blood cell m a human subject with sickle cell anemia 
have revealed a random disappearance of heme from the penpheral blood ^ 
This findmg is markedlj’' different from the results obtained in similar 
studies m normal human subjects ^ This difference may be due either to 


200 mg of glycine labeled with 32 atom per cent excess Is ' were incubated at 37“ 
aerobically vith 20 ml of heparinized whole blood 


Expen 
inent No 

Hematologic disorder 

Reticulo- 1 
cytes 

Time of m 
cubation 

K ^ concentration m 
heminN 



per cent 

hs 

aUm per cent ctcest 

1 

Sickle cell anemia 

16 ' 

24 

0 050 

2 

<< t( 

17 

24 

0 071 

3 

ft ft ft 

20 

24 

0 071 

4 

1 if (I f« 


24 

0 077 

5 

Pernicious anemia* 

21 

18 j 

0 011 

6 

1 Congenital hemolytic jaundice ' 

: i 

1 24 

0 015 

7 

! <1 “ ft 1 

1 16 

24 

0 007 

8 

ft n f* ' 


24 

0 013 

9 

Hypochromic anemia ^ 

1 

24 

0 020 

10 

Sickle cell trait 


24 

0 010 

11-16 

Normal controls (1 white, 5 Negro ^ 

1 

1 24 

0 000-0 015 


subjects) 

1 

i 

1 


* 100 mg of isotopic glj cine used 


a random destruction of the red blood cells m sickle cell anemia or to a ran- 
dom synthesis and degradation of hemoglobm m the penpheral blood of 
the sickle cell anemia subject In the mvestigation of this problem, the 
whole blood of subjects with sickle cell anenua was mcubated with gljmne 
labeled with N** Glycme has been shown to be the mtrogenous precursor 
of the protoporphyrm of hemoglobm - ® The heme isolated as henun was 

• Aided bj a grant from the Amencan Cancer Societj recommended bj the Com- 
mittee on Growth of the National Research Council 
’ Unpublished data from this laboratorj 

’ Shemin, D , and Rittenberg, D , J Biol Chem , 166, 627 (1940) 

‘ Shemin, D ,and Rittenberg, D , J Biol Chem , 166, 621 (1946) 

797 










798 


LLTTLHfc TO THE EDITORS 


found to contain a significant amount of These results demonstrate 
an in viho sjm thesis of homo fiom glycine by the blood of sickle cell anemia 
subjects This is in maikcd contiast to the findings in control studies ivith 
blood fiom noimal subjects and fiom subjects \Mth other hematologic dis- 
ordeis These disoidcis include sickle cell tiait \Mthout anemia, hypochio- 
mic anemia, and conditions, namely pernicious anemia and congenital 
hcmobdic jaundice, associated with leticulocjto counts comparable to 
those chaiactciistically found in sickle cell anemia 
These data dcmonstiate that theic exists a mcdianism in tlic blood of 
subjects with sickle cell anemia winch can can 3 out the synthesis of heme 
m vilro If this mechanism exists in the noi mal and m the other pathologic 
states studied so fai,it is, under the conditions of these experiments, at 
best onl}’’ slightlj'’ active As jmt no con elation has been made betw een the 
S3mthesis of heme and the components of sickle cell blood responsible for 
it It appears not to bo related to the mere presence of numerous reticulo- 
C3'tes 

DcparUncnls of Mcdtcxnc and Dtochcmtslry Iumng M London 

College of Physicians and Surgeons Damd Siiemin 

Columbia University D Rittenbeho 

New York 


Received for publication, February 13, 1048 



THE IN \HTRO SYNTHESIS OF HEME FROM GLYCINE BY THE 
NUCLEATED RED BLOOD CELL* 


Sirs 

It has been demonstrated, m both the rat and human/ that glj^cme is 
specificiall}’^ utihzed for the s3mthesis of protoporph^Tm of hemoglobm 
To facihtate the mvestigation of the mechamsm of poiphjTrm formation a 
biological m vitro system was sought Smce hemoglobm m the non- 
nucleated mammalian red blood cell is normallj' produced pnor to the loss 
of the nucleus, the abihty of the nucleated red blood cell from the penpheral 


200 mg of glj cine labeled ith 32 atom per cent excess were incubated at 37° 
aerobicallj ^ith 20 ml of hepanmzed duck blood and hemin subsequently isolated 



Duck No 

^ Time of incabatio& 

j concentration of hemin V 


\TP-8 

hrj 

1 24 

! 0 126* 


^T-1 

' 12 



tT-2 

1 18 



tT-3 

1 4 

0 051 


VP.3 

’ 18 

0 108 


\T-3 

1 24 

0 113 


VP -4 

2 1 

0 032 


tT-4 

6 

0 051 


tT-4 

] 12 

0 088 


VP-9 

' 24 1 

0 090 


■\T-9 

24t 

0 006 


* This hemin sample was converted to the dimethjl ester of protoporphiTin IX 

(Gnnstem, M , J Biot Chem , 167, 515 (1947)) Its X“ concentration was 0 124 
atom per cent excess Cj calculated N 9 49, found (Dumas) N 9 57 

t Incubated at 5° 

blood of the duck to Ejmthesize heme in vitro t\as mvestigated Incuba- 
tion of red blood cells of the duck, either in whole blood or m sahne, mth 
glycine labeled with N*® leads to the formation of heme contammg N*^ 
This demonstrates the utihzation of gly^cine for the synthesis of heme in 
vitro The data of typical experiments are gi\ en in the table 

* kided bj a grant from the American Cancer Societx recommended bj the Com 
raittee on Gron th of the National Research Council 

' Shemin, D , and Rittenberg, D , J Biol Chcm , 166, 621, 627 (1946) 
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This system affords a means to investigate the meclianisms of the syn- 
thesis of heme In addition the use of (his vi vilro system is being extended 
to tlie investigation of piotein and nucleic acid synthesis 

Dcparhncnls of BiochanislTy and Medicine Damd Siiemis 

College of Phyiictans and Surgeons IiimnoM LondOiS 

Columbia University D KiTTiNBLno 

New York 

Roceivecl for publication, February 13, IfllS 



PHOSPHATES OF PYRIDOXAL AND PYHIDOXARnNE AS 
GROWTH FACTORS FOR LACTIC ACID BACTERIA* 


Sirs 

Many cultures of lactic acid bacteria fail to grow m semisynthetic media 
contaming all of the known B vitamms^ even though oleic acid, recently 
shown to be essential for growth of many of these orgamsms,^ is supphed 
in the medium 


Comparalwe Efecis of Mall, Pyndoxamine Phosphate, and Pyndoxal Phosphate on 
Growth of Lactobactllvs helveltcus* 


Malt (aqueous tilract) ! 

1 

Pyndoial phosphate i 

Pyndoxamine phosphate 

1 

i 

Turbidj^ 

1 

Turbidityt 


Tuxbidi^ 

irr PerlOcc 


yPerlOcc 


-/ per 10 cc ' 


0 

95 


95 


95 

2 

1 87 


78 


81 

3 

78 

0 05 

47 

! 0 005 

51 

4 

i 69 

0 10 

44 

0 01 

45 

5 

‘ 57 





10 

i ^ 1 

1 


! 



’Incubation time, 24 hours at 37° The basal medium was that previouslj 
descnbed (foot-note 2), with jeast extract omitted, and iiith 50 mg of acid-hjdro- 
Ijzed, charcoal-treated casein, and 1 7 of pyridoxamine added per 10 cc 
t Per cent of incident light transmitted, distilled nater = 100 

Dunng fractionation of an unidentified factor required for growth of a 
strain of LacidbaciWus helveltcus, the activity of concentrates was found to be 
destroyed by light and by incubation with a crude preparation of malt 
phosphatase This suggested that a phosphate of one of the hght-labile 
vitamins might be concerned Direct tnal (see the table) show ed that sjm- 
thetic pjmdoxal phosphate w as highly active Pjmdoxamme phosphate, 
prepared from pjmdo\aI phosphate by transammation ivith glutamic acid,^ 

’Published with the approval of the Director of the Wisconsin Vgncultural 
Experiment Station Supported in part bj grants from Eh Lillj and Companj , the 
United States Public Health Service, and the Williams-Waterman Fund of the 
Research Corporation The followung individuals kindlj supphed materials used in 
this studj Dr I C Gunsalus (pxTidoxal phosphate), Dr D E Green (flaxm- 
adenine dinucleotide). Dr G 4 LePage (cocnzj-me II), Dr H \ Lardx (cocazj-me 
I), and Dr W B Sarles (cultures of L helveltcus B.nd L actdophtlus) 

* Rogosa, M , Tittsler, R P , and Geib, D S , d” Bad , 64, 13 (1947) 

’I\iUiams,W L ,Broquist,H P , and Snell, E E ,J JBiol Chem ,170,619 (1947; 

’ Rabinowitz, T C , and Snell, EE,/ Bwl Chan , 169 , 643 (1947) 
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was 3 to 5 times as active as pyridoxal phosphate, and was 1 million times 
more active than malt, a natiiial source of the factor Pyndoxal and pyri- 
doxamine wcic present m the basal medium, and showed no activity for 
this organism In contrast to the vitamin 13c phosphates, flavin-adcnine- 
dmuclcotide and cocarboxjdase showed no activity A preparation of 
006023^0 II showed 0 003 the activity of pjTidoxamine phosphate, co- 
enz 3 Tne I was less active Since these isolated preparations wore only 20 
and 40 per cent pure, icspcctivcl 3 ’’, then slight activity can piobably be 
ascribed to contamination 

The requiiement for phosphor3datod p3nido\amme or pyridoxal may be 
quite w'lde-spiead among lactic acid bactciia A cultuie of Laclohacilhis 
acidophilus also icquiicd Ihcsc substances for giowlh Foi Ihis organism, 
P3wido\aminc phosphai.e was about G tunes ns active as p3’^ndo\al phos- 
phate, and again wms 1 million times more active than malt The amount 
of p3Wido\aminc phosphate required foi maximum growth of these oigan- 
isms IS closely similar to the amount of pyridoxamme required b 3 '’ organisms 
able to use the unphosphorylatcd vitamin ® 

Dcparlnicnt of Biochcmtslrii Waltsk S McNutt 

College of Agriculhirc Esmond E Snfli. 

University of Wtscon&in 
I^Iadison 

Received for publicntion, Fobrunrj 19, 194S 



TRACER EXPERIRIENTS ON THE IMECHANISM OF GLYCINE 
FERMENTATION BY DIPLOCOCCUS GLYCINOPHILUS* 

Sirs 

Glycine is decomposed anaerobically by Dvplococcus glycinophilus^ under 
appropriate conditions accordmg to the equation 4CH2NH2COOH + 
2H2O -» 4NH3 + 3CH3COOH + 2CO2 The mechanism of this fermen- 
tation has been mvestigated b}’’ the use of C^Mabeled glycme, carbon dio\- 
ide, and acetic acid The results of several experiments are summanzed 
in the table 

The data support the followmg conclusions (1) Approximately 75 per 
cent of the methyl carbon and 54 per cent of the carboxyl carbon of acetic 


Glycine Fermenlalions wtlh C^*-Labeled Suhstrales 




Specific activitj , counts per mm per mil 

Per cent 
recovery 

pen 

ment 

Sabstrates 


Products 

ho 


sUate 

co» 

HAc 

CHi 

HAc 

COOH 


1 

C‘H.NHjCOOH + NaHCO, 

12,600 

160 

9,400 

6,800 

91 

2 

CHiNH.C*OOH 

17,200 

15,600 

2,450 

8,200 

96 

3 

CHjNHjCOOH + NaHC*0, 

27,600 

14,600 

1,260 

7,460 

99 

4 

CHjKHjCOOH + CH,C*OOHa 

1 5 X 10' 

180 

150 

18,200 

116 

5 

CHjNHjCOOH -f- C*H,COONa 

4 5 X 10' 

85 

12,100 

160 

70 


* Washed cell suspensions of D glycinophilvsv,eTe allowed to act under anaerobic 
conditions for 16 to 20 hours at 37° on a medium containing approximatelj 0 0-1 m 
gljcine, 0 02 M phosphate buflfer, pH 7 0, and 0 02 per cent Xa^S 9HiO When 
bicarbonate was added, the mitial concentration was from 0 11 to 0 15 m \cetate 
was added to Experiments 4 and 5 in tracer amounts (<5 X 10“< m) 


acid are denved from the methylene carbon of glycine (Experiment 1) (2) 

From 90 to 95 per cent of the carbon dioxide is demed from the carboxyl 
carbon of glycme, the remainder coming from the methylene carbon (Ex- 
penments 1 and 2) These observations mdicate that one of the mam re- 
actions in the fermentation is a condensation between 2 molecules of glj^cme, 
or denvatives therof, through their methylene groups The terminal car- 
bon atoms of the resultmg compound, possiblj a C<-dicarboxylic acid, are 
converted mainly to carbon dioxide, and the 2 central carbon atoms are 
oxidized to acetic acid The low specific actmty of the carbon dioxide 

* Supported m part bj' a research grant from the United States Public Health 
Semce 

* Cardon, B P , and Barker, H \ , Arch Biochem , 12, 165 (1947) 
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foimed from methylene-labeled glycine (E\penment 1) shows that a com- 
plete oxidation of glycine can occur only to a small extent (3) At least 
6 per cent of the methyl carbon and 38 per cent of the caiboxyl carbon of 
acetate originate fiom carbon dioxide (Experiment 3) A companson of 
the specific activities of the acetate caiboxyl carbon m Expciiments 2 and 
3 indicates that a direct i eduction of glycine to acetic acid is not an impor- 
tant leaction (4) Acetate is metabolized very slowly if at all (Experi- 
ments 4 and 5) This eliminates the possibility that carbon dioxide 
fixation in this oiganism involves the reactions CH3COOH 
CH3COCOOH — COOHCIIiCOCOOII ~±M_> 2CII3COOH vhich 
would result m a ledistiibution of the labeled carbon in acetic acid 

Division of Plant Nutrition H A Bahkeu 

University of California B E Volcam* 

Berkeley B P Cardon* 

lleceived for publication, February 24, 1948 


*B E Volcamvishes to express his gratitude to Professor C Weizniann vlio made 
it possible for him to ivork on this problem Permanent address, Daniel Sieff Re 
search Institute, Rehovoth, Palestine 

’ Present address. Department of Animal Pathology ,Unners)ty of Arizona, Tucson 


THE ROLE OF PANTOTHENIC ACID IN THE IMETABOLISM 
OF PYRWATE BY PROTEUS MORGANII 


Sirs 

It has been shown by Dorfman, Berkman, and Koser^ and by Hills- that 
pantothenic acid is concerned in the oxidation of pi-mvate by Proteus 
morgami This conclusion n as based on the stimulation of oxj’-gen uptake 
by added pantothenate n hen cells groivn m a medium deficient m panto- 
thenic acid n ere used 

Recently, Novelli and Lipmann^ have shown that this stimulation is par- 
alleled by an mcrease m concentration of coenzi-me A Smce coenzj-me 
A IS necessarj" for the acetjdation of sulfanilamide, these authors have sug- 
gested that the pantothenate effect is concerned inth the pnmary attack 
on acetate 


Experiment 

No 


I«,o pantothenate 


1 0 1 mg 

Ca pantothenate 


Ot 

j 

KQ 

1 0 

COs 1 

K Q 


mtcroUters 

1 microUten 


micrcltters 

mterehters 


1 ' 

25 

■ 134 

5 4 

217 

600 

2 8 

2 

46 

158 

3 5 

262 

186 

1 5 

’ ! 

46 

147 

3 1 

1 

<D 

r 

oOS j 

2 0 

1 

Average 1 

39 

146 I 

3 7 

243 

498 

2 0 


Balance studies performed m this laboratorj" indicate that the stimula- 
tion by pantothenic acid of oxj^gen uptake of Proteus morgami ivith pjTU- 
vate as substrate cannot be accounted for bj' oxidation of the acetate The 
table shows the relation between the oxj-gen absorption and CO» output 
of deficient cells with and without added pantothenate 

The high r q of the unstimulated reaction mdicates that a decarboxj 1- 
ation takes place but that the oxidation to acetate depends upon an ade- 
quate supply of pantotbemc acid 

Further investigation has shown that a compound giving a positiie 
Voges-Proskauer reaction accumulates m the reaction mixture i\ hen panto- 
thenate has not been added This compound has been identified as aceti 1- 
methylcarbinol by the formation of nickel dimethylgb oxime after oxidation 
inth feme chloride 

' Dorfman, A , Berkman, S , and Koser, S S. ,J Btol Chem , 144, 193 (1942) 

* Hills, G M , Biochcm J , 37, 418 (1943) 

’ Xo-ielh, G D , and Lipmann, F , Arch Biochcm , 14, 21 (1947) 

*Xo\clh,G D , and Lipmann, F , d" Biol C/irm , 171, 833 (1947) 
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The high it q tviid Ihc accumulation of acctylmctlijlcaibinol m the un- 
stimulatccl icaction aie not easily explaincrl if the pnmai}' attack of the 
pantothenate enz3''me is an acetate Tliese data suggest that a pantothenic 
.leid containing coeiizMnc is conceincd uitli the utilization of acet^ Imcthyl- 
caibinol oi some closel}'' i elated substance 

Dcpaihuciit of Clicmnln/ and Pliyucs 0 E McEcnov 

Army Medical Deparfment Kc’scarch and Graduati School \i,ni kt Doufman* 

Washington 

Iteceivecl foi puljlicatioii, Febiuiu\ 27, l')4S 

®PiPsciit nddicss, Dcpai linoiil of Pcdiatiics, I iin('rfiit\ of Cliicnpo 



REVERSIBLE INHIBITION OF THE COUPLING BETWEEN 
PHOSPHORYLATION AND OXIDATION 


Sirs 

Clifton' was among the first to show that dmitrophenol (DNP) m low 
concentrations completely blocked sjmthetic reactions without mterfermg 
with oxidation Other workers have shown that this drug inhibits mtro- 
gen assimilation,^ groudh and differentiation,^ the formation of adaptive 
enzymes,^ and Hotchkiss® has reported preliminary data shoving that DNP 
prevents phosphate uptake by respirmg yeast cells These results would 
appear to mdicate that DNP acts on the basic mechanism m the cell by 
which phosphate bond generation is coupled to oxidative reactions 

Table I 

All samples contained 1 0 cc of an enz 3 Tne preparation similar to that of Green 
el al ,* prepared bj centrifuging a rabbit kidney homogenate in KCl-NaHCO. buffer 
and washing the residue tv ice n ith fresh buffer To this was added 0 1 cc of j east 
hexokmase, 0 0067 m MgCl«, 0 013 st NaF, 0 00067 m adenosine 5-phosphate, 0 02 u 
phosphate buffer of pH 7 2, 0 0167 m fructose, and 0 01 m Na glutamate as substrate 
Identical control cups were prepared, into nhich acid from a side arm was tipped at 
the beginning of the experiment to provide the initial le\ el of inorganic phosphate 
Temperature, 25°, gas phase, air, time, 6 nunutes 


Additions 

Oxygen upUke 

Phospbnte nptalie 

P 0 ratio 


None 

rntcroatcmy 

8 0 

mtcrcmvlcs 

17 5 

2 2 


1 8 X 10-< M DNP 

7 9 

1 3 

0 2 



Durmg a study of this couphng mechamsm, it v as observed that 5 X 10~® 
to 2 X 10~' M DNP prevented phosphorylation without affectmg or with 
shghtly stimulatmg oxidation 

Concentrations of DNP as low as 5 X 10~® ji were found to lower mark- 
edly the P 0 ratio, an effect that could be reversed by washmg out the 
DNP with fresh buffer Furthermore, it was found that DNP could “re- 
place” morgamc phosphate, vhich otherwise is a compulsory component 

* Clifton, C E ,inNord,F F , and Workman, C H , Ad\ancesin enzj mology and 
related subjects, Kew York, 6, 269 (1946) 

* 'IMnzler, R J , Burk, D , and du Vigneaud, ^ , Arch Btochcm , 5, 25 (1944) 

’ Clowes, G H A,andKrahl,M E,/ Gen PAi/siol , 20, 145 (1936) 

* Spiegelman, S , J Cell and Comp Physiol , 30, 315 (1947) 

‘ Hotchkiss, R D , in Nord, F F , and Workman, C H , Adx ancos in enzymologx 
and related subjects. New A. ork, 4, 153 (1944) 

* Green, D E , Loomis, W F , and Auerbach, V H ,J Biol Chem ,172,389 (1948) 
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of this system It appears that the phosphate-deficient system is strongly 
stimulated bj’’ DNP, while the complete system icsponds only with a slight 
stimulation (see Table 11) 

These lesults indicate that DNP rcvcisibly uncouples phosphorylation 
fiom oxidation, an effect that can also be obtained with atebim (mepa- 
crine) in 10“'* "U concentiation Although sodium azide can lower the 
P 0 latio, it cannot icjilace phosphate in the system and is, in slightly 

Taiii,> II 


Temperaliuo, 2o®, gn*’ phase, an , time, 30 munih s 


1 

Phosphate, 'f 

0 

D 

2 X 10-5 

2 X 10-5 

DNP, w 

0 

s X 10 - 

0 

1 

8 X 10-» 

O 2 , micromoles 

5 1 

17 9 

18 0 

21 0 


higher concentiation, a poweiful inhibitor of inspiration as mcII DNP 
does not inhibit inspiration except in high concentiation 

Biochcvncal Research Laboralon/, MassaeJntsetts F Loomis' 

Gc7icial Hospital, and (he Dcpailmcnt Frit? Lipmann 

of Biological Chemistry, Harvard 
Medical School 
Boston 
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GLYCINE CONTENT OF Dir ALANINE 


Sirs 

In attempts to employ the assay method for glycme,i consistently high 
blanks vrere ohtamed which \ntiated assay results Subsequent receipt of 
a relatively pure grade of DL-alanme perrmtted the determination of the 
amount of glycme m all of our ammo acids Only DL-alanme and arginme 
yielded results which suggested that they were contaminated with glj’-cme 
However, the presence of glycme m argmme seems to be apparent rather 
than real, this effect is bemg mvestigated m this laboratory 


Glycine Content of Alanine 


Lot No 

Source of DL-alamoe 

Mean per cent glycme 

1 

A 

0 20 

2 

“, recryatallized 3 tunes 

0 06* 

3 

<i ti 0 i< 

0 04* 

4 

<( «< g (( 

0 03* 

6 

B, Lot 1 

1 05 

6 

« tc 2 

0 39 

7 

“ “ 3 

0 39 

8 

<< i< ^ 

0 16 

9 

« « 5 

0 99 

10 

X « 0 

1 86 

11 

c 

0 21 

12 

D 

0 35 

13 

E 

2 7 

14 

D, p-alanme 

<0 05 


* Approximate 


In the glycme assay,* 8 mg of DL-alanme are employed per 2 ml of total 
volume The mduction penod permits 6 7 or 0 08 per cent of glycme m the 
alarune vuthout mcrease m blank titration This amount may be further 
mcreased by the use of a more dilute moculum, a practice which the authors* 
do not recommend We report herewith the glycme content of DL-alamnes 
commercially available (see the table) 

Ten commercial lots of DL-alanme, three lots recrj-staUized three, six, 
and nme times, respectivelj’’, and one lot of /3-alanme v ere assaj ed b} the 
microbiologic method* for their glycme content Five assaj levels were 
used per sample Decreasmg assay values with mcreasing amount of DL- 
alanme were found consistent!}^ when the top assay level contained more 

'Sbankman, S ,Caimen,M 1C , and Dunn, M S ,J Biol Chcm ,1S8, 51 {19-17) 
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than 4 mg of added DL-alaninc per 2 ml of final volume Tins decrease 
IS appioMmatclj'" Imcai with added DL-alanme Since the value reported 
IS a mean value, it icpiesents a minimal amount of glycine in these samples 
Hendeison and SnelP have reported a medium containing 0 4 mg of 
DL-alanme pei 2 ml of final volume in which the}’- find one rccrj-^stallization 
of alanine satisfacl.oiy At this level of alanine onlj 4 7 of glycine are in- 
ti oduced at 1 pel cent gamine impuiity lo\cl Wiethcr this is significant 
IS not possible to say vith the brief dosciiption given - 

Shattkman Laboratoucs S S^A^KMA^ 

Lo-f Avgclct 

Received for publication, Janunrj 29, 191S 
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THE ETTECT OF PYRWATE AivD DsSULIK ON FATTY ACID 
SYNTHESIS IN ^TTRO" 


Sirs 


The utilization of acetic acid for the sjmthesis of both cholesterol and 
fatty acids by intact animals has been demonstiated mth the aid of labeled 
acetate * In rat liver shces acetate caibon is readilj’’ mcoiporated into 
cholesterol, but undei these conditions the uptake of isotope bj'^ the higher 
fatty acids is verj small * In ordei to investigate further the in vi(ro 



Fig 1 Formation of labeled fattj acids in rat Iner slices 1 gtn of rat liver 
slices incubated in 16 ml of Krebs-bicarbonate bu5er, pH 7 4, in eacb vessel for 3 
hours at37° Gas phase 0 COj, all flasks contained 10 mg of C“ acetate Insulin 
(iletm, Lilly) 0 8 unit per ml 

EjTithesis of fatty acids, rat hver shces uere mcubated m Krebs-bicarbonate 
buffei vhich contamed, m addition to CHsC^DONa, one of the foUoinng 
non-isotopic compounds glucose, pjTuvate, oxalacetate, fumarate, malate, 
or succinate The mcorporation of acetate carbon mto liter fatty acids 
Mas increased seteral fold b}' pyruvate and to a somewhat smaller extent 
by oxalacetate or glucose The other dicarboxjlic acids verc ineffectne 

* Aided in part by a grant from the Dr Wallace C and Clara A Abbott Memorial 
Fund of the University of Chicago 

’ Bloch, K , and Rittenberg, D , J Biol Chcm , 143, 297 (1942) Rittenberg, 
D , and Bloch, K , J Biol Chcm , 154 , 311 (1944) 

* Bloch, K , Borek, E , and Rittenberg, D , J Biol Chfm , 162, 441 fl945) 
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Addition of insulin to the medium alToided a fiutliei inciease of fatty acid 
synthesis wlien the mediiun contained pyiuvate but liad no additional 
effect uhen glucose was picsent (see the giaph) When acetate was the 
only substiate, insulin dopiesscd the uptake of isotope by the fatty acids 
The stunulatoiy elTect was shown by both ciyslalhne zinc insulin and bj 
an amoiphous piepaiation A i61c foi insulin m the con\ci‘sion of caibo- 
hydiate to fat has been suggested bj' T)iui>^ and emphasized by Stetten 
and Klein'’ wdio obseiwed a depiessed rate of fattj' acid turnover in rats 
tieatcd with alloxan The data piesentcd heie sugge-^t that one of the 
actions of insulin is concerned with the metabolism of iniinate in geneiaP 
and specifically with the utilization of pyiuvate for the sinthesis of fatty 
acids 

Depm Iment of Biochcrmslry and the InslHulc Konrad Bloch 

of Radiohiology a7id Biophysics W Krajier 

Univosity of Chicago 
Chicago 

Received for publication, Februarj 18, 1918 
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Ronzoni, 627 

Glyceraldehyde-3-phosphate d-, de- 
hydrogenase, crystalline, muscle, 
Con, Slein, and Con, 605 

— , — , — , prosthetic group, 7'aylor, 
Velick, Con, Con, and Slein, 619 


Glycine nn-Alaninc, Shankman, 80 
Blood cell, red, nucleated, heme syn 
thesis in vitro, relation, Shcmin, 
London, and Rillcnbcrg, 799 

Fermentation, Diplococcus glycino- 
philus, mechanism, tracer use in, 
Barker, Volcani, and Cardan, SOT 
Ctlycyl- Sec Glycylglycine 
Metabolism, radioactive carbon in 
study, Greenberg and Winntck, 199 
Badioactivc carbon-labeled, liver pro- 
tein, growth relation, Fricdbcrg, 
Schuhnan, and Greenberg, 137 

iSyiithcsis, radioactive carbon in car- 
boxy 1 group, use, Ostuald, 20 

Uric acid carbon chain and nitrogei 
atom 7, precursor, Buchanan, Sonne, 
and Dclluva, 81 

Venst punnes, precursor, Abrams 
Jlaminarslcn, and Shcmin, 421 

Glycolysis Phosphorilating, chick em 
bnn, Novikoff, Potter, and LePage 

23 

Glycyldehydroalanine X-Acylated, 
Price and Grccnstcin, 337 

K-Mothydated, Price and Grccnstein 

3? 

Glycylglycine Dipcjitidases, muscle ar 
wtcuiB, Smith, 5 

Growth Chick, ptenns, synthetic, < 
feet, Daniel, Scott, Norris, a 
Heuser, 1 

Factor, chick, fish solubles, prope 
ties, Robblcc, Nichol, Cravens, L 
vehjem, and Halpin, 11' 

lactic acid bacteria, pyridoxal an-- 
py ndoxaminc phosphates, effect. Mi 
N utl and Snell , 81 

Liver protein, glycinc-labclcd rad 
active carbon, use in study, Fri 
berg, Schuhnan, and Gieenberg, 
Microbial, /5-2-furylalamno offe. 
Clark and Ditlmcr , 3 

H 

Heart Peptidase, Smith, . 55. 

Heme Blood cell, red, nucleated, syi 
thesis in vitro, glycine relatio 
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Heme — continued 

Shemtn, London, and RtUenberg, 

799 

Blood cell, red, synthesis in vitro, sickle 
cell anemia, London, Shennn, and 
Rittenberg, 797 

Hemoglobm Formation, ptenns, S 3 n- 
thetic, chick, effect, Daniel, Scott, 
Norris, and Heuser, 123 

Homocysteme S-(^ Amino p carboxy- 
ethjl)-, synthesis, Slelol, 153 
Homolanthionme Sjmthesis, Stelol, 

153 

Hydrocarbon (s) Methyl-substituted, 
T phthiocerane-related, sjmthesis and 
I \-raj study, Stsllberg-Stenhagen and 
Stenhagen, 383 

Hydrogen ion concentration Blood plas- 
ma, temperature effect, in vitro, 
( Rosenthal, 25 

. — , temperature effect, in vitro, Rosen- 
thal, 25 


Insulin Fatty acid synthesis in vitro, 
effect, Bloch and Kramer, 811 

lodme Protein-bound, determination, 
/ Barter, 715 


'^ctate Unc acid carbon chain and 
^ nitrogen atom 7, precursor, Bucha- 
* nan, Sonne, and Delluva, 81 

ureide groups, synthesis, r6Ie, 

Sonne, Buchanan, and Delluva, 69 
Lactic acid Bacteria, groivth, pymdoxal 
k and pj-ndoxamine phosphates, ef- 
i feet, McNutt and Snell, 801 

f — , peptide utilization, Krehl and 
1 Frulon, 479 

threonine senne antagonism, 
j Meinl e and Holland, 535 

’nthionlne Homo-, synthesis, Stelol, 
fl 153 

' euclne Determination, nucrobiolog- 
ical, medium, Camicn and Dunn, 

137 

^.Ipase Lysophospho-, Penicilhum no- 
r tatum, preparation and properties, 
fi Fatrbaim, 705 


Lipide(s) Blood plasma, choline and 
cystine deficiencj , thyroid effect. 
Handler, 295 

Liver, choline and cystine deficiencj , 
thjTOid effect. Handler, 295 

Liver Estrogen-inactivating sj stem, 
cozymase role, Coppedge, Segaloff, 
Sarelt, and Altschul, 431 

Fatty acid o\idase comple\, Lehninger 
and Kennedy, 753 

Lipides, choline and cystine deficiency , 
thyroid effect, Handler, 295 

Xucleic acids, distribution, p dimeth- 
ylaminoazobenzene effect. Price, 
Miller, and Miller, 345 

Protein, distnbution, p dimethjlanu- 
noazobenzene effect. Price, Miller, 
and Miller, 345 

— , glj cine labeled radioactive carbon 
in, growth relation, Friedberg, Schul- 
man, and Greenberg, 437 

Protein bound aminoazo dye, distnbu- 
tion, p-dimethjlaminoazobenzene ef- 
fect, Priee, Miller, and Miller, 345 
Regenerating, biochemistry, Noviloff 
and Potter, 223 

Riboflavin, distnbution, p dimethjl- 
aminoazobenzene effect, Price, Mil- 
ler and Miller, 345 

Testosterone metabolism, diphospho- 
pyndine nucleotide relation. Sweat 
and Samuels, 433 

Lysine Metabolism, a aminoadipic acid 
relation, Borsool , Dcasy, Haagen- 
Smit, Keighley, and Lowy, 423 

Lysophospholipase Penicilhum nota- 
tum, preparation and properties, 
Fairbairn, 705 


M 

Mammary gland Selenium, sodium se- 
lenate injection, effect, McConnell, 

653 

Methionme n , preparation from ni- 
methionine, enzyme use, Del I er and 
Fruton, 471 

L-, preparation from dl methionine, 
enzyme use Del ter and Fruton, 

471 
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Methionine — contnuicd 

Labeled, tissue sulfur release, use in 
study, Tarver and Morse, 63 

Sulfur-labeled, tissue protein and 
ammo acid, injection effect, Fried 
berg, Tarver, and Gieenherg, 355 
Methyl 3,9-epoxy-A*'-cholenntc Syn- 
thesis from dcso\ycliolic acid, Mc- 
Kenzie, Mallox, Engel, and Kendall, 

271 

Methylnicotinamide N*-, nicotinic acid, 
isotopic, relation, Ihindlcg and Bond, 

613 

Methyltestosterone Creatine synthesis, 
effect, Iloherman, Sims, and Eng- 
slrom. 111 

Microorganism Growth, /3 2-furjlala- 
nine effect, Clark and Dillmcr, 313 
Milk Proteins, selenium, sodium scle- 
nate injection, effect, McConnell, 

G53 

Muscle D-Glyceraldchydc-3-i)hosphnte 
dehydrogenase, crj-stalline. Cart, 
Slcin, and Con, G05 

Glycylglycine dipcptidosc. Smith, 571 
Peptidase, Smith, 553 

Sec also Heart 

N 

Naphthylalonme Isomcnc, synthesis 
and properties, Dittmcr, Herz, and 
Cristol, 323 

Nicotmamide* N‘-jMcthyl-, nicotinic 
acid, isotopic, relation, Hundley 
and Bond, 613 

Nicotmic acid Isotopic, N‘-methyl- 
mcotinamide, relation, Hundley and 
Bond, 513 

Tryptophan, pyrido\ine, and, interre- 
lations, Speetor, 659 

Nitrous oxide Blood, solubility, Kety, 
Harmel, Broomell, and Rhode, 487 
Brain, solubility, Kety, Harmel, 
Broomell, and Rhode, 487 

Nucleic acid (s) Chick embryo, Nomkoff 
and Potter, 233 

Desoxypentose- See Desoxypentose- 
nucleic acid 

Liver, p-dimethylaminoazobenzene ef- 
fect, Pnee, Miller, and Miller, 345 


Nucleotide Dipliosphopyndinc, tes 
tostcrone metabolism, liver, relation. 
Sweat and Samuels, 433 

O 

Octanoic acid n-, determination, Lehn- 
inger and Smith, 773 

Oleic acid A\uhn, intcmclion, Bro- 
quisl and Snell, 135 

Oxidase Cytochrome, soluble, prepara- 
tion, If ainio, Coopcrstcin, Kollcn, 
and Eiehel, 145 

Fatty acid complex, Iner, Lehningcr^ 
and Kennedy, 753 

Pyruiic, protoaiiemonin effect, Baer, 

211 

Oxidation Phosphorylation and, coup!-i 
ing, Loomis and Lipmnnn, 807 

P 

Pancreas Conjugase, chicken, spcci'^ 
ficity, Kazcnl 0 and LaslowsU, 2P 
Pantothenic acid Pyruvate metabohsr' 
by Proteus morganii, role, McElrF 
and Dorjman, SOo 

Paramecin. Enzy mo action, tan Ilaij" 
tendonl , 69’ 

Partition coefficients Countor-currenl 
extractions, Licherman, 6o 

Penicillium notatum Ly sophosphoh 
pasc, preparation and propertied 
Fairbairn, 70 

Pentose (s)' Free, tissue, determination 
photometric. Roe and Riec, 50 
Peptidase Carboxy -, y glutamic acid, 
chicken, specificity , Kazenko and 
Laskouski, 217 

Central nervous system. Pope ant 
Anfinsen, 30o 

Di- See Dipeptidaso ® 

Heart, Smith, 55 

Muscle, iSwith, 55 ‘ 

Thymus, Fruton Smith, and Dris^‘ 
coll, 157 

Uterus, Smith, 553^' 

Peptide (s) Lactic acid bacteria, utiliza 
tion, Krchl and Fruton, 479 

Phosphorylation Coupled, brain, fer- 
rous sulfate effect, Racker and Krim- 
eky, 619 
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isphorylatlon— co7l^I^ue^^. 

Oxidation and, coupling, Loomis and 
Lvpmann, 807 

otofluorometer Micro, Lowry, 677 
otosynthesis Sugars, radioactive car- 
bon-labeled, use in preparation, 
Putman, Hassid, Krotlov, and 
Barker, 785 

thiocerane Hydrocarbons, methyl- 
substituted, long chain, synthesis 
and x-ray study, SlSllberg Slen- 
hagen and Stenhagen, 383 

ato Sweet, p amylase, ciystalline. 
Balls, Walden, and Thompson, 9 
■item(s) B, crystalline, activated, 
Brown, Shupe, and Laskowsf i, 99 
Bound aminoazo dye, liver, distnbu- 
tion, p-dunethylaminoazobenzene ef- 
fect, Price, Miller, and Miller, 345 
iodine, determination. Barker, 715 
enaturants, arginase, effect, Hunter 
tnd Downs, 31 

ver, distnbution, p-dimethylamino- 
zobenzene effect. Price, Miller, and 
Miller, 345 

, glycine-labeled radioactive carbon 
in, growth relation, Fnedberg, Schul- 
man, and Greenberg, 437 

‘etabolism, radioactive carbon in 
study, Winnick, Fnedberg, and 
Greedberg, 189 

Greenberg and Winnicl , 199 

athiomne, sulfur-labeled, tissue, 
’^nedberg, Tarver, and Greenberg, 

355 

Mdk, selenium, sodium selenate in- 
jection, effect, McConnell, 653 

r^eolysis Enzymes, tissue, Fruton, 
Smith, and Dnscoll, 457 

tens morganu PjTiivate metabolism 
by, pantothemc acid r61e, McElroy 
and Dorfman, 805 

loanemonm Pyruvic oxidase, effect, 
Baer, 211 

nn(s) Synthetic, growth, chick, ef- 
fect, Daniel, Scott, Norns, and 
Beuser, 123 

— , hemoglobin formation, chick, of 
feet, Daniel, Scott, Horns, and 
Heuser, 123 


Purme{s)' Chafactenzation, counter- 
current distnbution. Tinker and 
Brown, 585 

Yeast, glycine as precursor, Abrams, 
Hammarsten, and Shemin, 429 
Pyndme Diphospho- See Diphospho- 
pyndine 

Pyndoxal Phosphate, lactic acid bac- 
teria, growth effect, McNutt and 
Snell, 801 

Pyndoxamine Phosphate, lactic acid 
bacteria, growth effect, McNutt and 
Snell, 801 

Pyndoxine Tryptophan, mcotimc acid, 
and, mterrelations, Spector, 659 
Pynmidmefs) Charactenzation, coun- 
ter-current distribution. Tinier and 
Brown, 585 

Pyruvate* Fatty acid sjmthesis in vitro, 
effect, Bloch and Kramer, 811 

Metabolism by Proteus morganu, pan- 
tothemc acid rfile, McElroy and 
Dorfman, 805 

Pyruvic oxidase Protoanemomn effect, 
Baer, 211 

R 

RiboSavin Liver, p-dimethylanunoazo- 
benzene effect. Price, Miller, and 
Miller, 345 

S 

Salicylic acid p-Amino-, metabolism, 
Venkalaraman, Venl alaraman, and 
Lewis, 641 

Selenium Mammary gland, sodium sel- 
enate injection, effect, McConnell, 

653 

Milk proteins, sodium selenate injec- 
tion, effect, McConnell, 653 

Serme Threomne-, antagomsm, lactic 
acid bacteria, Meinle and Holland, 

535 

Sodium acetate Radioactive carbon in 
methyl group, preparation, Tolbert, 

205 

Sodium selenate Mammary gland and 
milk protein selemum, injection ef- 
fect, McConnell, 653 

Staphylococcus aureus Glutamine, anti- 
metabohte, Grossowux, 729 
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Steroid ( b)* Bile acids, McKcnzic, Mat- 
tox, Engel, and Kendall, 271 
Mattox, Turner, McKcnzic, Engel, 
and Kendall, 283 

Sugar(s) Badioactive carbon-labeled, 
preparation by photosynthesis, Put- 
man, Hassid, Krotlov, and Barker, 

785 

Sulfur -Tjabelcd methionine, tissue pro- 
tein and amino acid, injection cfTcct, 
Friedberg, Tarver, and Greenberg, 

355 

Tissue, release, labeled methionine use 
in study, Tarver and l\forse, 53 

Sweet potato See Potato 

T 

Testosterone Metabolism, liver, diplios- 
phopyridinc nucleotide relation. 
Sweat and Samuels, 433 

Methyl-, creatine sjnthesis, effect, 
Hoberman, Sims, and Engslrom, 111 
Tetanus To\in, crystalline, ato\ic 
dimer, conversion, Ptllemer and 
Moore, 427 

Thiamme Cyanogen bromide reaction, 
relation. Teen, 503 

Threonme -Serine antagonism, lactic 
acid bacteria, Mcinkc and Holland, 

535 

Thromboplastic effect Inhibition, Char- 
gaff and Green, 263 

Mechanism, Chargaff, 253 

Thymus Peptidase, Fruion, Smith, and 
Driscoll, 457 

Thyroid Blood plasma lipidcs, choline 
and cystine deficiency^, effect. Hand- 
ler, 295 

Liver lipides, choline and cystine de- 
ficiency, effect. Handler, 295 

Tocopherol (s) Related structures and, 
absorption spectra, Rosenkrantz, 

439 

Toxm Tetanus, crystalline, atoxic 
dimer, conversion, Ptllemer and 
Moore, 427 

Trypsm Chymo-, B, crystalline. Brown, 
Shupe, and Laskowsli, 99 

— , — , specificity, Fruton, 109 

Tryptophan Pyridoxine, nicotinic acid, 
and, interrelations, Svector^ ^ 659 


Tumor, ni -Tyrosine metabolism, rndic 
active earbon in study, IVinm'-' 
Friedberg, and Greenberg, 1, 

Tyrosine nr--, metalxiliain, tumor, rad 
actnc carbon in study, 

I ricdberg, and Greenberg, j 

U 

Uranium* Biological material, dctc, 
miintion, fiuorophotometnc, lYw 
man, Fleming, Carlson, and Glou. 

4 

Distribution and excretion, injectic 
effect, Neuman, Fleming, Doum.^ 
Carlson, O’Leary, and Mulryan, 73 
Uric acid Biological precursors, Sonm 
Buehanan, and DcUuia, t 

Buehanan, Sonne, and Dclluia, 8 
Carbon chain, lactate, glycine, an 
carbon dioxide ns precursors, Buclw 
nan, Sonne, and Delluia, 

Nitrogen atom 7, lactate, glycine, and 
carbon dioxide as precursors, Bucha 
nan, Sonne, and Delluia, 81 

Uroide groups, synthesis, lactate, acc 
tatc, and formate, r61c, Sonne, 
Buchanan, and Delluia, C9 

Uterus Glycylglycino dipeptidasc. 
Smith, 571 

Peptidase, Smith, 553 

V 

Vitamm(s) A, determination, Carr- 
Price reaction, Koch and Kaplan, 

363 

Bj See also Thiamine 
B- Sec also Riboflavin 
Bj Sec also Pyridoxine 
E Sec also Tocopherol 
H See also Biotin ' 

I 

Y I 

Yeast Desoxypentosenucleic acid, poly- 
merized, isolation, Chargaff and 
Zamenhof, 327'| 

Glucose assirmlation, Fales and Baum-' 
berger, 1 ^ 

Purines, glycine as precursor, Abrams, 
^^H^mmars^r^,, aiid Shemtn, 429 




